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Abstract
A common lore has arisen that beyond the Standard Model (BSM) particles, which
can be searched for at current and proposed experiments, should have flavorless or
mostly third-generation interactions with Standard Model quarks. This theoretical
bias severely limits the exploration of BSM phenomenology, and is especially con-
straining for extended Higgs sectors. Such limitations can be avoided in the context
of Spontaneous Flavor Violation (SFV), a robust and UV complete framework that
allows for significant couplings to any up or down-type quark, while suppressing flavor-
changing neutral currents via flavor alignment. In this work we study the theory and
phenomenology of extended SFV Higgs sectors with large couplings to any quark gen-
eration. We perform a comprehensive analysis of flavor and collider constraints of
extended SFV Higgs sectors, and demonstrate that new Higgs bosons with large cou-
plings to the light quarks may be found at the electroweak scale. In particular, we find
that new Higgses as light as 100 GeV with order ∼ 0.1 couplings to first or second
generation quarks, which are copiously produced at LHC via quark fusion, are allowed
by current constraints. Furthermore, the additional SFV Higgses can mix with the SM
Higgs, providing strong theory motivation for an experimental program looking for de-
viations in the light quark-Higgs couplings. Our work demonstrates the importance of
exploring BSM physics coupled preferentially to light quarks, and the need to further
develop dedicated experimental techniques for the LHC and future colliders.
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1 Introduction
The exploration of new physics at the energy frontier relies on theory guidance to maintain
consistency across different experiments, to motivate specific experimental searches and to
select promising signatures. However, a narrow selection of models, or the use of sufficient
but unnecessary assumptions can lead to theory bias. Theory bias from the BSM perspective
can undermine our efforts to find new physics unless it is built on solid foundations.
Theory input is particularly important in the flavor sector due to its unknown and possi-
bly complex origin. Assumptions on the flavor structure of new physics are needed in order
to determine how new physics couples to the Standard Model (SM) fermions. If new physics
is close to the electroweak (EW) scale, such assumptions must account for the lack of obser-
vation of large flavor-changing neutral currents (FCNCs). The most common assumption,
minimal flavor violation (MFV) [1], allows for new physics at the EW scale with small FC-
NCs, but at the same time constraints new states to couple preferentially to third-generation
fermions only or in a flavor-universal way. In this case, flavor considerations do not give us
any more intuition than naturalness arguments. Proposed models of new physics coupled
preferentially to the third-generation fermions are rather ubiquitous, even if some models do
not strictly satisfy the MFV criterion. While third generation theory bias is reasonable in the
context of many models, the question remains whether one can build successful BSM models
where the coupling to light generations is preferred, while maintaining consistency with the
results from flavor physics experiments. This is particularly important for the exploration
of the Higgs sector, as the Higgs boson itself is at the core of the flavor puzzle.
In [2] a general spurion formalism was developed, which from the low energy point of
view, allowed for preferential BSM couplings to any specific quark flavor, while suppressing
FCNCs via flavor alignment. Most importantly, it was shown that a subset of flavor-aligned
models exists, called Spontaneous Flavor Violation (SFV), which has robust UV completions
and allows for BSM physics at the O(TeV) scale consistent with flavor bounds.
In this work, we apply the concept of SFV to build viable theories of electroweak-scale
extended Higgs sectors with sizable couplings to any quark generation. We introduce two
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new such theories, the up-type and down-type SFV two Higgs doublet models (2HDM).
These models allow for generation specific couplings to down-type quarks or up-type quarks
correspondingly, but constrain the couplings to be MFV-like in the opposite quark sector. In
the SFV 2HDMs, tree-level FCNCs mediated by the extra Higgses are absent due to flavor
alignment of the Yukawa matrices of the two Higgs doublets. 1 Moreover, FCNCs in these
theories are further suppressed by CKM matrix elements and the GIM mechanism.
To assess the viability of our theories, we perform a comprehensive analysis of flavor and
collider bounds of the up-type SFV 2HDM, where Higgs bosons can have large couplings
to down, strange and/or bottom quarks. From our analysis, we find that extra Higgses at
100 GeV coupling preferentially to down or strange quarks with Yukawas of order ∼ 0.1 are
allowed by all collider and flavor bounds. This is despite the fact that such extra Higgses
are copiously produced at tree-level via quark fusion at LHC, and can be looked for as dijet
resonances. With the LHC Run 2 luminosity, ∼ 108 Higgses with such Yukawa couplings
to down-quarks may have been produced, a number that exceeds the amount of produced
SM Higgses roughly by a factor of 10. These extra Higgses, however, evade discovery due
to large QCD backgrounds. In addition, if such extra Higgses mix with the 125 GeV Higgs,
they lead to dramatic enhancements of its Yukawa couplings to light quarks, which could be
measured at HL-LHC or at a future electron-positron collider. We find that enhancements
to the down and strange-quark Yukawas by a factor of ∼ 500 and ∼ 30 with respect to their
SM expectations can be obtained within a realistic construction. Larger enhancements are
challenging to obtain due to collider constraints on the extra Higgses responsible for such
enhancements, and on currently measured Higgs signal strengths. Overall, our results provide
strong motivation for further developing experimental searches and techniques aiming at
identifying new physics coupled mostly to light quarks, such as light-quark taggers [7, 8].
In the literature, work has been already performed in the direction of studying extended
Higgs sectors with general flavor alignment [9–13] and with enhanced Higgs Yukawas [14–25].
However, a complete and unified analysis of all the aspects of an extended Higgs sector with
generation-specific quark couplings, including a robust flavor prescription and a complete
phenomenological analysis of the extended Higgs sector, has not been carried out. These
elements are part of a single problem, and we will find that it is very illustrative to study
1 In the context of the 2HDM, flavor alignment has sometimes being used to refer to a generalized case
of MFV [3–5]. Such theories retain the hierarchical couplings of the SM, and couple the Higgs sector mostly
to the third generation. In this work we return to the original concept of flavor alignment as defined by
Nir and Seiberg in [6, 2], which instead refers to simultaneous diagonalizability of flavored spurions, without
necessarily retaining the hierarchies of the SM couplings. More details in Section 2.
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them in aggregation to understand their complementarity and to evaluate their viability.
We organize this paper as follows. In Section 2 we introduce the up- and down-type
spontaneous flavor violating 2HDMs. In Section 3 and Section 4 we study the flavor and
collider phenomenology of the up-type SFV 2HDM, providing bounds from ∆F = 1 and
∆F = 2 FCNCs, and searches for dijet and diphoton resonances at LHC. In Section 5 we
study how the up- and down-type SFV 2HDMs can lead to dramatic enhancements of the
Yukawas of the 125 GeV Higgs to the down or up-type quarks correspondingly, as compared
with the Standard Model expectations. An important feature of the SFV 2HDMs is that
they are motivated by a UV completion, but the discussion of the corresponding technical
details are independent of the phenomenological analysis in the body of this work. For this
reason, we leave the presentation of the UV completion to Appendix A. In Appendices B-E
we present other technical details, including a full RGE analysis of the SFV structure and a
comparison of the SFV 2HDM with other well known versions of the two-doublet theory.
2 Spontaneous Flavor Violation in an extended Higgs
sector
In this section we present the up and down-type spontaneous flavor violating two Higgs
doublet models. We start by reviewing the general two Higgs doublet theory and the flavor
alignment conditions for the absence of tree-level FCNCs in Section 2.1. In Section 2.2 we
define the up- and down-type SFV 2HDMs, and we discuss their main properties. In Section
2.3 we present the couplings of the physical Higgs bosons to the fermions in the SFV 2HDMs.
2.1 Two Higgs doublets, the Higgs basis and flavor alignment
A general 2HDM contains two complex scalar fields Ha, a = 1, 2, with the quantum numbers
of the Standard Model Higgs doublet. The most general renormalizable Lagrangian for a
2HDM is
DµH
†
aD
µHa − V (H1, H2)−
[
λuaijQiHau¯j − λd†aijQiHacd¯j − λ`†aijLiHac ¯`j + h.c.
]
, (1)
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where the matrices λfaij, f = u, d, ` specify the couplings of the two doublets to the SM
fermions and V (H1, H2) is the potential for the doublets. The potential is given by
V (H1, H2) = m
2
1H
†
1H1 +m
2
2H
†
2H2 +
(
m212H
†
1H2 + h.c.
)
+
1
2
λ1(H
†
1H1)
2 +
1
2
λ2(H
†
2H2)
2 + λ3(H
†
2H2)(H
†
1H1) + λ4(H
†
2H1)(H
†
1H2)
+
[
1
2
λ5(H
†
1H2)
2 + λ6H
†
1H1H
†
1H2 + λ7(H
†
2H2)(H
†
1H2) + h.c.
]
, (2)
where in general, m212, λ5, λ6, and λ7 are complex while the remaining quartic couplings are
real. We require that the potential Eq. (2) leads to the usual spontaneous gauge symmetry
breaking pattern SU(2)L×U(1)Y → U(1)EM [26]. In this case, by performing a U(2) rotation
in the space of the two Higgs doublets H1,2, it is always possible to find a basis in which only
H1 is responsible for breaking electroweak symmetry and giving mass to the SM fermions
and bosons, while H2 does not condense. This basis is called the Higgs basis [27, 28], and
from here on out Ha will always refer to the doublets in the Higgs basis. The condensates
in the Higgs basis are
〈H†1H1〉 =
v2
2
, 〈H†2H2〉 = 0, (3)
where v = 246 GeV. For more details of the Higgs basis and the electroweak symmetry
breaking conditions leading to the condensates Eq. (3) we refer the reader to [29]. Note
that since the second Higgs doublet does not condense, there cannot be any spontaneous
CP breaking in the Higgs basis: any CP violation from the Higgs potential must appear
explicitly as phases of the potential couplings.
The Higgs basis is particularly useful for discussing flavor prescriptions in the 2HDM.
This is because in this basis only H1 gives mass to the SM fermions, so its Yukawa matrices
λf1ij must correspond to the Yukawa matrices of the SM. All additional sources of flavor
breaking are contained in the Yukawa matrices of the second doublet, λf2ij, which can be
specified by the flavor prescription. More explicitly, in a general flavor basis, the Yukawas
for the first doublet can be written in terms of their singular value decomposition
λu1,ij ≡ UQuY uU †u¯,
λd†1,ij ≡ UQdY dU †d¯ ,
λ`†1,ij ≡ ULY `U †¯`,
(4)
where UQu,d , Uu¯,d¯ and UL,` are unitary matrices which depend on the choice of flavor basis,
and Y u,d,` are the positive-diagonal matrices containing the SM Yukawa couplings, which are
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flavor invariants. The real-diagonal matrices Y u,d,` are related to the quark masses through
Y u ≡ diag(ySMu , ySMc , ySMt ) =
√
2
v
diag(mu,mc,mt) ,
Y d ≡ diag(ySMd , ySMs , ySMb ) =
√
2
v
diag(md,ms,mb) ,
Y ` ≡ diag(ySMe , ySMµ , ySMτ ) =
√
2
v
diag(me,mµ,mτ ) .
(5)
The remaining quark-sector observables are contained in the CKM matrix, defined as the
flavor-invariant unitary bilinear
V = UTQuU
∗
Qd
. (6)
The Yukawa matrices λu,d,`2 for the second doublet, on the other hand, are not fixed by mea-
sured SM parameters. While these matrices are in principle arbitrary, in their most general
form they lead to tree-level FCNCs mediated by the second doublet. Forbidding these FC-
NCs at tree-level requires that the second-doublet Yukawa matrices must be simultaneously
diagonalizable with the Yukawa matrices of the first Higgs doublet [9–11, 30]. The conditions
for simultaneous diagonalizability are:[
U †Quλ
u
2Uu¯
]
ij
= δijA
u
i
[
U †Qdλ
d†
2 Ud¯
]
ij
= δijA
d
i
[
U †Lλ
u
2U¯`
]
ij
= δijA
`
i , (7)
where the unitary matrices are the same matrices that diagonalize the first-doublet Yukawas
in Eq. (4). The Au,d,`i (i = 1..3) are complex couplings that control the strength of the
second Higgs doublet interactions with the first, second and third generation SM fermions,
and their phases are physical CP violating phases [2]. We refer to the flavor prescription for
the second-doublet Yukawa matrices in Eq. (7) as “flavor alignment”. While flavor alignment
can be studied in a general flavor basis, for practical purposes it is convenient to choose a
particular one. For the rest of the paper we commit to the commonly used flavor basis in
which the SM down-type Yukawa matrix is diagonal, the SM up-type quark Yukawa matrix
contains the CKM angles, and the lepton Yukawa matrix is diagonal. In this flavor basis,
the unitary matrices in Eq. (4) are given by
Uu¯ = Ud¯ = UQd = UL = U¯` = 1 , UQu = V
T , (8)
where V is the CKM matrix. Note that in the flavor basis Eq. (8) the up-quarks are not
mass eigenstates. To find the couplings of the Higgs bosons to quark mass eigenstates, one
must further perform an SU(2)W breaking redefinition of the up-quark in the left-handed
doublet Q = (u d),
u→ uV ∗ . (9)
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While the flavor alignment conditions Eq. (7) may be chosen as ad-hoc conditions of the
2HDM as an effective theory, there is no symmetry principle to impose them. As a con-
sequence, flavor aligned theories are generically extremely tuned theories. Exceptionally,
proportionality of the first and second Higgs doublet Yukawas λu,d,`2 ∝ λu,d,`1 (which guar-
antees simultaneous diagonalizability), may be imposed via discrete symmetries as in the
Natural Flavor Conserving (NFC) types I-IV 2HDM [31]. However, requiring proportion-
ality of the two doublet Yukawas has the drawback of restricting the second doublet to be
mostly coupled to third-generation fermions, limiting the phenomenology at colliders.
To address these limitations, in the next section we introduce the spontaneous flavor
violating (SFV) two-Higgs doublet models, which are theories in which flavor alignment is
ensured in a technically natural way by a UV completion, and allow for large couplings to
any quark generation.
2.2 The Spontaneous Flavor Violating two Higgs doublet models
In this section, we introduce the up- and down-type SFV 2HDMs. As any other type of
2HDM, our theories are defined by specifying the Yukawa matrices of the second doublet
H2 and the Higgs potential. In this section we limit ourselves to discussing the defining
features of SFV 2HDMs, and we leave a detailed discussion of a UV completion leading to
the SFV structure to Appendix A. The SFV 2HDMs are defined to be CP conserving, in
the sense that they do not introduce additional phases beyond the CKM phase contained in
the Yukawa matrices. In particular, the Higgs potential is allowed to be arbitrary as long
as it is CP conserving. Without loss of generality, we may then take all the Higgs potential
couplings and masses in Eq. (2) to be real by performing a U(1)PQ rotation of the second
Higgs doublet. We commit to this PQ basis in what follows.
The second-doublet quark Yukawa matrices
In the up-type SFV 2HDM, the second doublet up-type quark Yukawa matrix is required
to be equal to the corresponding SM Yukawa matrix up to a proportionality constant. The
second doublet down-type quark Yukawa matrix on the other hand, is allowed to be a
new matrix which is flavor aligned with the down-type quark SM Yukawa matrix, without
necessarily being proportional to it. In the flavor spurion language, in up-type SFV no new
flavor spurions transforming under U(3)Q×U(3)u¯ are allowed besides the up-type SM quark
Yukawa, but a new flavor aligned spurion λd2,ij, which transforms under U(3)Q × U(3)d¯, is
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allowed. Explicitly, the second doublet quark Yukawa matrices in the up-type SFV 2HDM,
in the previously discussed flavor basis, are given by
λu2 = ξ V
TY u ,
λd2 = K
d ≡ diag(κd, κs, κb) , (10)
where ξ is a proportionality constant. Furthermore, since the SFV 2HDMs are CP conserv-
ing, the new couplings κd , κs, κb and the proportionality constant ξ must be real in our PQ
basis.
In the up-type SFV 2HDM, the Yukawas κd , κs, κb independently control the couplings
of the second doublet to each down-type quark generation, while the couplings to up-type
quarks are universally proportional to the corresponding SM Yukawas. As a consequence,
the second doublet may couple to the different down-type quark generations with arbitrary
hierarchies, but the couplings to up-type quarks respect the SM hierarchies.
The down-type SFV 2HDM is the same as the up-type, but with the roles of up- and
down-type quarks exchanged. The second doublet Yukawa matrices in the down-type SFV
2HDM are given by
λu2 = V
T Ku ≡ V T diag(κu, κc, κt) ,
λd2 = ξ Y
d , (11)
where ξ is a real proportionality constant and κu, κc, κt are real Yukawa couplings in our PQ
basis. Since these Yukawas are free parameters, in down-type SFV the second-Higgs doublet
couplings to up-type quarks do not necessarily respect the SM Yukawa hierarchies.
The second-doublet lepton Yukawa matrices
In both the up- and down-type SFV 2HDMs no new spurions transforming as the SM lepton
Yukawa matrix are allowed. This means that in both types of SFV 2HDMs, the lepton
Yukawa matrix of the second doublet must be proportional to the corresponding SM one.
The second-doublet Yukawa matrix is then
λ`2 = ξ
`Y ` , (12)
where the proportionality constant ξ` is real in our PQ basis.
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2.3 Physical Higgs bosons and their couplings to SM fermions
Having defined the SFV 2HDMs, we now review the physical couplings of the Higgs mass
eigenstates, which are needed for a phenomenological investigation. We confine ourselves to
the the couplings to fermions, which distinguish the SFV theories. The couplings to gauge
bosons and the self-couplings correspond to the ones of a generic CP conserving 2HDM, and
can be found elsewhere [32].
In unitary gauge, the SU(2) components of the doublet fields H1 and H2 can be written
in terms of three real and neutral Higgs fields ha, a = 1..3 and one charged Higgs boson H
±
H1 =
(
0
H01
)
=
1√
2
(
0
v + h1
)
,
H2 =
(
H+
H02
)
=
1√
2
( √
2H+
h2 + ih3
)
.
(13)
The physical mass eigenstates in the two Higgs doublets are the charged Higgs H±, the
pseudoscalar Higgs h3, usually denoted as h3 ≡ A, and two CP even scalars h,H which are a
combination of the components h1, h2 above. The charged Higgs boson H
± resides entirely
in the second Higgs doublet H2, and has mass
m2H± = m
2
2 +
1
2
λ3v
2 . (14)
The CP-odd higgs has mass
mA = m
2
2 +
1
2
v2
(
λ3 + λ4 − λ5
)
. (15)
Finally, the masses of the neutral CP-even mass eigenstates h,H can be obtained by diago-
nalizing the scalar mass matrix
M2 =
 v2λ1 v2λ6
v2λ6 m
2
2 +
1
2
v2
(
λ3 + λ4 + λ5
)  . (16)
The CP-even mass eigenstates h,H are given in terms of the original fields h1,2 by the linear
combinations
h ≡ sin(β − α)h1 + cos(β − α)h2 ,
H ≡ − cos(β − α)h1 + sin(β − α)h2 ,
(17)
where β − α is traditionally referred as the alignment angle. We will refer to the alignment
parameter as cos(β − α). In terms of the elements of the mass matrix Eq. (16), the alignment
9
angle is given by
tan
[
2(β − α)] = −2M212M222 −M211
=
2λ6v
2
λ1v2 −
(
m22 +
1
2
(λ3 + λ4 + λ5)v2
) . (18)
In what follows and without loss of generality, we associate the mass eigenstate h with the
125 GeV Higgs boson observed at LHC. Note that in the limit where cos(β − α) = 0, usually
referred to as the higgs alignment limit (not to be confused with flavor alignment), the 125
GeV Higgs boson resides entirely in the Higgs doublet H1 breaking electroweak symmetry,
as in the SM. For this reason, in the Higgs alignment limit the 125 GeV Higgs boson of the
2HDM is Standard Model-like, with tree-level couplings to fermions and gauge bosons that
coincide with the SM expectations. From Eq. (18) we see that the alignment limit can be
reached in two ways while retaining perturbativity: either by taking the mass of the secound
doublet m2 →∞ while holding the renormalizable couplings fixed (the “decoupling limit”),
or by taking λ6 → 0 (“alignment without decoupling”). We refer the reader to [29, 32] for a
detailed discussion of the alignment limit.
Up-type SFV physical Higgs-fermion couplings
We first summarize the Yukawa matrices in the up-type SFV 2HDM. In our selected flavor
basis Eq. (8), and collecting the first and second doublet Yukawas from Eq. (4), Eq. (10)
and Eq. (12), the up-type SFV 2HDM Yukawa matrices are
λu1 = V
TY u λd1 = Y
d λ`1 = Y
` ,
λu2 = ξV
TY u λd2 = K
d λ`2 = ξ
`Y ` .
(19)
where the real-diagonal SM Yukawa matrices Y u,d,` and the real-diagonal SFV Yukawa ma-
trix Kd are defined in Eqns. (5) and (10), and ξ, ξ` are real proportionality constants. The
couplings of the physical Higgs bosons h,H,A and H± to the SM fermions in up-type SFV
can be easily obtained from using the Yukawa matrices Eq. (19) in the 2HDM lagrangian
Eq. (1), the definition of the doublet components Eq. (13) and of the neutral mass eigen-
states Eq. (17), and by performing the rotation from our flavor basis to the quark mass
eigenbasis Eq. (9). We summarize the couplings of the physical Higgs bosons to the quark
mass eigenstates in appendix D, Table 7.
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Down-type SFV 2HDM physical Higgs-fermion couplings
In our selected flavor basis Eq. (8), and collecting the Yukawa matrices Eq. (4), Eq. (11) and
Eq. (12), the down-type SFV 2HDM Yukawa matrices are given by
λu1 = V
TY u λd1 = Y
d λ`1 = Y
` ,
λu2 = V
TKu λd2 = ξY
d λ`2 = ξ
`Y ` ,
(20)
where the real-diagonal SM Yukawa matrices Y u,d,` and the real-diagonal SFV Yukawa matrix
Ku is defined in Eqns. (5) and (11). We summarize the corresponding couplings of the
physical Higgs bosons to the quark mass eigenstates in in appendix D, Table 8.
3 Flavor phenomenology of the up-type SFV 2HDM
While the SFV 2HDM is free from FCNCs at tree-level, contributions to FCNCs arise at
loop level. In this section we obtain bounds form FCNCs on the SFV 2HDM. For brevity, we
concentrate in the up-type SFV 2HDM, and leave a study of flavor constraints on down-type
SFV for future work.
In theories with generic Yukawa structure for the second Higgs doublet, loop suppression
of FCNCs is generically not enough to allow for extra Higgs states close to the electroweak
scale to be consistent with stringent experimental bounds from the absence of FCNCs [33].
However, FCNCs in SFV theories are further suppressed by CKM elements and SM Yukawas
[2]. In our up-type SFV 2HDM, this feature may be seen by writing down all the quark
bilinears leading to FCNCs together with the appropriate Yukawa spurions required for
consistency with the flavor symmetries. Using our second-Higgs doublet Yukawa matrices
Eq. (19), the FCNC quark bilinears at leading order in a spurion expansion are
d (V TY 2u V
∗) Kd d¯ , d¯†Kd (V TY 2u V
∗)Kd d¯ , d¯†Y d (V TY 2u V
∗)Kd d¯ down-sector FCNC
(21)
u (V ∗K2dV
T )u† , u (V ∗K2dV
T )Y uu¯ up-sector FCNC
(22)
along with the same bilinears where Kd is replaced by Y d, which exist also in MFV theories.
From Eq. (21) we see that all down-type FCNCs are strongly suppressed by the off-diagonal
elements of the matrix combination (V TY 2u V
∗)ij ' y2t V3iV ∗3j. Contributions proportional to
11
other CKM matrix elements are suppressed by the GIM mechanism and the smallness of
the up and charm SM Yukawas. Up-type FCNCs, on the other hand, Eq. (22), are only
suppressed by factors of V ∗K2dV
T ≡ V ∗diag(κ2d, κ2s, κ2b)V T . If we take κd to be large, we
expect loop-induced D − D¯ mixing to be suppressed only by factors of κ2d V11V ∗12 ∼ 0.22κ2d.
This indicates that in up-type SFV, up-type meson mixing phenomenology is particularly
relevant, as we will see in detail in the following sections. 2
Loop-level FCNCs in the SFV 2HDM can be divided in FCNCs induced by direct con-
tributions of one-loop diagrams and those due to flavor misalignment between the Yukawa
matrices of the two Higgs doublets due to RGE running. We dedicate the rest of this section
to study bounds from direct contributions to ∆F = 1 and ∆F = 2 processes, and we leave
a dedicated study of radiative corrections to the SFV Yukawas for Appendix B.
To simplify the study of flavor violation, and motivated by the proximity of the 125 GeV
Higgs coupling measurements to the SM expectations [34], for the rest of this section and in
Section 4 we work in the Higgs alignment limit. In this limit, the alignment parameter in
Eq. (17) is equal to zero, cos(β − α) = 0, which is obtained by setting λ6 → 0 in the Higgs
potential. Also for simplicity, we take the Higgs mass eigenstates belonging to the second
Higgs doublet to be degenerate, mH = mH± = mA, by further setting λ4, λ5 → 0. For the
purposes of flavor bounds, nonzero values of λ4 and λ5 only introduce mass splittings between
the different heavy Higgs states, which do not significantly affect our discussion. In addition,
since we are mostly interested in quark phenomenology, for the rest of this work we set the
lepton Yukawas of the second doublet to zero by choosing ξ` = 0 in Eq. (19). Including
non-zero lepton Yukawas would only complicate our presentation and does not significantly
affect our conclusions unless ξ`  1. Nonetheless, we have checked that for ξ` ≤ 1, the flavor
bounds that we present in this section on the SFV quark-sector parameters are stronger than
bounds from semileptonic B- and D-meson decays that arise at one-loop when couplings to
leptons are allowed.
With these simplifications, the up-type SFV 2HDM is described by five new parameters:
the mass of the extra Higgs bosons mH , the MFV-like proportionality factor for the up-type
quark Yukawa matrices, ξ, and the three new Yukawa couplings, κd, κs, and κb.
2On the other hand and by similar arguments, we expect that in the down-type SFV, down-type FCNCs
will lead to the most stringent flavor constraints instead. Due to strong limits especially from mixing of
K mesons, we expect the flavor constraints in the down-type SFV 2HDM to be more severe than the ones
studied in this section for the up-type SFV 2HDM.
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bH±
γ
s, d
Figure 1: Charged Higgs contribution to the B → Xs,dγ amplitude.
3.1 Constraints from B → Xs,dγ transitions
Contributions from the charged Higgs to B-meson radiative decays into a photon arise at
one-loop from penguin diagrams such as, e.g., Fig. 1. Such diagrams contribute to the
coefficients Cbs7 , C
′bs
7 of the b→ sγ transition operators
Obs7 = i
e
8pi2
mb
(
Q2σµν d¯3
)†
F µν ,
Obs7′ = i
e
8pi2
mb
(
Q3σµν d¯2
)
F µν .
(23)
The Wilson coefficients C7, C
′
7 for the 2HDM have been computed in [33, 35, 36] in terms of
generic charged Higgs-fermion couplings. Using these results and the charged Higgs couplings
in Table 7, we obtain
Cbs7 =
v2
VtbV ∗ts
∑
j=u,c,t
VjbV
∗
js
(
−ξ κb yj
C07,XY (zj)
mbmuj
+ ξ2 y2j
C07,Y Y (zj)
m2uj
)
C ′bs7 =
v2
VtbV ∗ts
∑
j=u,c,t
VjbV
∗
js
(
−ξ κs yj
C07,XY (zj)
mbmuj
+ κs κb
C07,Y Y (zj)
m2uj
)
,
(24)
where zj ≡ m2j/m2H , and the functions C07,XY , C07,Y Y , C08,XY , C08,Y Y are given in Appendix E.
The coefficients for the b → dγ transitions, Cbd7 and C ′bd7 , are obtained by simply replacing
all the indices s→ d in Eq. (24).
Limits on C ′bd7 were presented in ref. [37], and on C
bs
7 , C
′bs
7 have been presented in ref. [38].
We summarize the constraints on these operators coefficients in Table 1. We translate these
limits into constraints on the quark-sector parameters of the SFV quark Yukawa couplings
using Eq. (24). The results in the mH v.s κj (j = d, s, b) plane are shown in Figs. 2 – 4 in
green. In each figure, on the left panel we show the constraints for ξ = 0.1 and on the right
panel for ξ = 1.0.
In principle there are also constraints on ∆F = 1 transitions in the up-sector which
could be important given that up-sector FCNCs need not be GIM and Yukawa suppressed.
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We have checked explicitly for our model, however, that the bounds on c → uγ transitions
presented in refs. [39] and [40] are always weaker than the D−D¯ mixing constraints discussed
below.
Process Parameters 95% C.L. range Reference
b→ dγ C ′bd7 ≤ 0.85 [37]
b→ sγ(`+`−)
Cbs7 ∈ [−3.0, 7.0]× 10−2
[38]
C ′bs7 ∈ [−3.0, 8.0]× 10−2
K − K¯ mixing
ImCK,1 ∈ [−4.4, 2.8]× 10−15
[41]
ImCK,2 ∈ [−5.1, 9.3]× 10−17
Bd − B¯d mixing CBd , (ΦBd = 0) ∈ [0.8, 1.3] [42]
Bs − B¯s mixing CBs , (ΦBs = 0) ∈ [0.82, 1.3] [42]
D − D¯ mixing |M12| ≤ 7.4× 10−3 ps [43]
Table 1: Flavor-changing processes that arise at one loop in our SFV 2HDM, and the 95%
C.L. experimental range on the parameters used to set limits. For the limit from D − D¯
mixing, we have converted the updated global fit on the value x presented in ref. [43] into a
limit on |M12| using the relations in [44, 45].
3.2 Constraints from neutral meson mixing
We next consider the short-distance contributions to neutral meson mixing in our 2HDM.
These contributions can be matched onto the ∆F = 2 Hamiltonian
H∆F=2eff =
5∑
j=1
CjOj +
3∑
j=1
Cj′Oj′ + h.c. (25)
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In the case of Bs − B¯s mixing, the effective operators are
Obd1 =
(
d¯†2aσ¯
µd3a
)(
d¯†2aσ¯
µd3a
)
,
Obd2 =
(
d¯2ad3a
)(
d¯2bd3b
)
,
Obd3 =
(
d¯2ad3b
)(
d¯2bd3a
)
,
Obd4 =
(
d¯2ad3a
)(
Q†2bd¯
†
3b
)
,
Obd5 =
(
d¯2ad3b
)(
d†2bd¯
†
3a
)
,
(26)
where a and b represent color indices. The primed operators are related to O1,2,3 by inter-
changing the left- and right-handed fields. The operators for Bd − B¯d, K − K¯ and D − D¯
mixing are obtained by simply replacing the appropriate quark fields in the expressions
above.
At one loop, the second Higgs doublet contributes to the four-fermion operator coefficients
via box diagrams with two charged Higgs bosons, and one charged Higgs boson and one W
or Goldstone boson. We calculate these coefficients in Feynman gauge. For Bs− B¯s mixing,
the charged Higgs boxes give
C1 =
−1
128pi2
3∑
j,k=1
λH
+∗
d2u¯j
λH
+
d3u¯j
λH
+∗
d2u¯k
λH
+
d3u¯k
D2
(
m2uj ,m
2
uk
,m2H ,m
2
H
)
C2 =
−1
32pi2
3∑
j,k=1
muj muk λ
H−∗
uj d¯2
λH
+
d3u¯j
λH
−∗
ukd¯2
λH
+
d3u¯k
D0
(
m2uj ,m
2
uk
,m2H ,m
2
H
)
C4 =
−1
16pi2
3∑
j,k=1
muj muk λ
H−∗
uj d¯2
λH
+
d3u¯j
λH
+∗
d2u¯k
λH
−
ukd¯3
D0
(
m2uj ,m
2
uk
,m2H ,m
2
H
)
C5 =
1
32pi2
3∑
j,k=1
λH
−∗
uj d¯2
λH
−
uj d¯3
λH
+∗
d2u¯k
λH
+
d3u¯k
D2
(
m2uj ,m
2
uk
,m2H ,m
2
H
)
(27)
The coefficients for the primed operators in Eq. (27) are obtained by replacing λH
+
diu¯j
↔ λH−
uj d¯i
.
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For the diagrams with a charged Higgs and a W or Goldstone boson we find
C1 =
−1
128pi2
g2
m2W
3∑
j,k=1
V ∗j2 Vk3muj muk λ
H+
d3u¯j
λH
+∗
d2u¯k
×
[
D2
(
m2uj ,m
2
uk
,mW ,mH
)
− 4m2W D0
(
m2uj ,m
2
uk
,m2W ,m
2
H
)]
C ′1 =
−1
128pi2
g2
m2W
3∑
j,k=1
V ∗j2Vk3mbms λ
H−
uj d¯3
λH
−∗
ukd¯2
D2
(
m2uj ,m
2
uk
,m2W ,m
2
H
)
C2 =
−1
32pi2
g2
m2W
3∑
j,k=1
Vj3 V
∗
k2msm
2
uj
mukλ
H−∗
uj d¯2
λH
+
d3u¯k
D0
(
m2uj ,m
2
uk
,m2W ,m
2
H
)
C ′2 =
−1
32pi2
g2
m2W
3∑
j,k=1
V ∗j2 Vk3mbm
2
uj
muk λ
H−
uj d¯3
λH
+∗
d2u¯k
D0
(
m2uj ,m
2
uk
,m2W ,m
2
H
)
C4 =
−1
32pi2
g2
m2W
3∑
j,k=1
[(
V ∗j2 Vk3muj muk msmb λ
H+∗
d2u¯j
λH
+
d3u¯j
+ V ∗j2 Vk3m
2
uj
m2uk λ
H−
uj d¯3
λH
−∗
ukd¯2
)
D0
(
m2uj ,m
2
uk
,m2W ,m
2
H
)
−m2W V ∗k2 Vj3 λH
−∗
uj d¯2
λH
−
ukd¯3
D2
(
m2uj ,m
2
uk
,m2W ,m
2
H
)]
C5 =
1
64pi2
g2
m2W
3∑
j,k=1
(
V ∗j2 Vk3muj mb λ
H+
d3u¯j
λH
−∗
ukd¯2
+ Vj3 V
∗
k2muj ms λ
H+∗
d2u¯j
λH
−
ukd¯3
)
×D2
(
m2uj ,m
2
uk
,m2W ,m
2
H
)
.
(28)
The charged Higgs Yukawas are given by (see Table 7)
λH
+
dj u¯k
= −ξ (V TY u)
jk
, λH
−
uj d¯k
=
(
V ∗Kd
)
jk
, (29)
and the loop functions D0 and D2 are given in Appendix E. The total contribution to the
four-fermion operator coefficients is obtained by summing Eqs. (27) – (28) . The operator
coefficients for Bd − B¯d, K − K¯ are obtained by replacing the corresponding down-type
quarks in the expressions above, while the coefficients for D − D¯ mixing can be obtained
by interchanging λH
−
uid¯j
↔ λH+∗diu¯j , substituting the appropriate quark masses, and replacing all
CKM matrix insertions with their conjugate transpose. We have checked that our results
are consistent with the results in [46, 47]. 3
To set constraints on the SFV 2HDM from down-type meson mixing we proceed as follows.
ForK−K¯ mixing, we use the limits on the real and imaginary parts of the coefficients Ci(mH)
3The charged Higgs-Goldstone and charged-Higgs W boxes quoted in [33], however, disagree with both
our results and the results in [46, 47].
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given in [41]. The strongest constraints in our model are set by the limits on the imaginary
part of the coefficients C1 and C2, summarized in Table 1.
4 The constraints in the mH vs.
κj (j = d, s, b) plane are shown in Figs. 2 – 4 in dashed-red contours.
For B− B¯ mixing we use the the latest limits from [42]. In [42], constraints are reported
in terms of the coefficient CBq and phase ϕBq , q = s, d, defined by
CBqe
2iϕBq ≡ 1 + 〈Bq|H
∆F=2,NP
eff |B¯q〉
〈Bq|H∆F=2,SMeff |B¯q〉
. (30)
The Standard Model matrix elements in Eq. (30) are given by [33, 48]
〈B0d|H∆F=2,SM |B¯0d〉 = (1.1 + 1.3i)× 10−13 GeV , (31)
〈B0s |H∆F=2,SMSM |B¯0s 〉 = (59− 2.2i)× 10−13 GeV . (32)
The new physics matrix elements at the hadronic scale in Eq. (30) may be computed using
the four-fermion operator coefficients Eq. (27) and Eq. (28) at the heavy Higgs mass scale,
together with the expression for the Hamiltonian matrix element at the hadronic scale [41]
〈Bq|H∆F=2eff |B¯q〉 =
5∑
i,l,r=1
(
b
(r,i)
l + ηc
(r,i)
l
)
ηalCi 〈Bq| Obqr |B¯q〉 , (33)
where η = αs(mH)/αs(mt) and the magic numbers al, b
(r,j)
l , c
(r,j)
l account for the RGE
evolution. The operator matrix elements 〈Bq| Obqr |B¯q〉 at the hadronic scale are given in [49].
The expressions Eq. (33) also hold for the primed operators, with the same magic numbers
and matrix elements. Using Eqns. (27), (28) and (30) – (33), we may now compute the
parameters CBq , ϕBq in the SFV 2HDM. In all parameter space of interest, we find that ϕBq
is negligible. Therefore, we set limits on the SFV 2HDM parameters by requiring CBq to
lie within the 95% C.L. constraint computed in refs. [42] (shown in Table 1). The resulting
95% C.L. bounds in the mH vs. κj (j = d, s, b) plane are shown in Figs. 2 – 4 in solid and
dotted red contours for Bd and Bs mixing respectively.
Finally, to set bounds from D − D¯ mixing we make use of the 95% C.L. limits on the
dispersive part of the mixing hamiltonian M12, given in Table 1. Within our model, the
D− D¯ mixing hamiltonian matrix element 〈D|H∆F=2eff |D¯〉 is obtained using Eqns. Eq. (27),
(28), (33) and the magic numbers in [41]. In our normalization, the dispersive part of the
mixing hamiltonian M12 is equal to the short-distance hamiltonian matrix element [50]
M12 = 〈D|H∆F=2eff |D¯〉 . (34)
4We have also checked that using instead limits on CK and C∆MK from [42], and requiring them to lie
in their 95% C.L. range leads to similar constraints to the ones we present here.
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Since the long-distance SM contributions to D-meson mixing are currently unknown, 5 we
set limits by demanding that no fine cancellations must occur between the calculable charged
Higgs contributions and the unknown SM contribution to explain the measured value of M12.
Explicitly, we require ∣∣〈D|H∆F=2eff |D¯〉∣∣ ≤ 7.4× 10−3 ps (35)
where Heff includes the contributions from all the operators induced by the 2HDM. With
this caveat, constraints from D − D¯ mixing are shown in purple contours in Figs. 2-4.
3.3 Summary and discussion of flavor constraints
We summarize our flavor bounds on the up-type SFV 2HDM in Figs. 2–4. We present
bounds by turning on one down-type SFV Yukawa coupling κd, κs or κb at a time, in the
corresponding κj − mH plane, where mH is the mass of the second Higgs doublet. In the
left panel of each figure, we present the bounds for ξ = 0.1 and in the right panel for ξ = 1,
where ξ is the universal proportionality constant between the up-type Yukawas of the two
Higgs doublets, c.f. Eq. (10) (so for instance ξ = 0.1 means that the second doublet couples
to top quarks with strength 0.1 yt).
The most striking feature in the up-type SFV 2HDM, is that an electroweak-scale second
Higgs doublet may specifically couple to first or second generation down-type quarks with
large Yukawa couplings while retaining consistency with flavor bounds. This effect is most
evident in the case of couplings to first-generation quarks. From Fig. 2 (left), we see that
a second Higgs doublet with a mass of order ∼ 100 GeV and down-quark coupling κd ∼ 0.1
remains consistent with all flavor bounds. Note that this corresponds to a Yukawa coupling
that is four orders of magnitude larger than the Standard Model down-quark Yukawa. In-
terestingly, the most constrained couplings in the up-type SFV are not to first or second
generation quarks as in the case of flavor-anarchic theories (see e.g. [33]) but to third gen-
eration quarks, as can be seen by comparing the bounds in Fig. 4 and Figs. 2, 3. This
provides strong motivation to study and try to set limits on new physics with preferential
couplings to light quarks at high energy colliders.
Up-type SFV allows for such large generation specific couplings by strongly suppressing
down-type FCNCs via CKM matrix and small up and charm SM Yukawa insertions, and
also via the GIM mechanism. In order to see explicitly how SFV works to suppress flavor
bounds, in Table 2 we present the coupling dependence (scaling) of the leading penguin and
5For a recent review of the status of the SM predictions for D − D¯ mixing, see for instance [51]
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box diagrams contributing to FCNC operators in the Bs meson system. For simplicity, in the
table we omit numerical prefactors and loop functions that depend only on the top-quark and
second Higgs doublet masses and on the top-quark mass. First, from the table we see that
all diagrams are strongly suppressed by the CKM matrix combination VtbV
∗
ts. Second, note
that all the diagrams that we present in the table include insertions of top-quark Yukawas,
since they correspond to diagrams with internal top-quarks in the loops. Contributions from
diagrams with internal up or charm quarks are suppressed via the GIM mechanism and small
light-quark SM Yukawas, and are not shown in the table. Finally, we see that some of the
diagrams are further suppressed by down-quark SM Yukawa insertions. The combination of
all these factors, anticipated at the beginning of this section using flavor symmetries, leads
to the strong suppression of flavor bounds in up-type SFV.
From Table 2 we can also understand the generic features of bounds from down-type
FCNCs in Figs. 2-4. In the figures, we observe a series of bounds that are independent on
the value of the down-type Yukawas κj (j = d, s, b), and depend only on the proportionality
factor ξ between the first and second doublet up-type Yukawas. These bounds come from
the limits on the operators O1 for down-type meson mixing and O7 for radiative B-meson
decay, which get contributions from box and penguin diagrams that depend only on up-
type Yukawas. For ξ = 1, the strongest κj-independent limit comes from the operator Obd1
contributing to Bd− B¯d mixing, which sets a limit mH & 420 GeV, as can be seen from Figs.
2-4 (right panels). This limit becomes irrelevant for for ξ = 0.1, (Figs. 2-4, left panels), in
which case constraints from radiative B-meson decays and D− D¯ mixing are dominant. For
ξ = 0 (a second Higgs doublet that does not couple to up-type quarks) and allowing only
for κs or κd to be non-zero, the only relevant limits on κd and κs come form D− D¯ mixing.
In this scenario, κb is essentially unconstrained.
Finally, limits from D − D¯ are throughout significant, since in up-type SFV some of the
meson mixing operators are not suppressed by the Standard Model GIM mechanism or by
any small SM Yukawas, as discussed at the very beginning of this section. In particular, the
coefficient of the operator Ocu1 is only suppressed by CKM matrix insertions (see Eq. (22)).
We conclude that in the up-type SFV 2HDM, large and preferential couplings to down
or strange quarks of a second Higgs doublet with a mass O(100) GeV are allowed by flavor
constraints. While complementary measurements of the B system at Belle-II will improve
these bounds [52], in such scenarios flavored BSM physics might be more efficiently probed
via direct production at colliders. We explore this possibility in detail in the next two
sections.
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Figure 2: Constraints on the up-type SFV 2HDM from one-loop FCNC measurements in
the plane of the second-Higgs doublet mass scale mH vs. its Yukawa coupling to down quarks
κd, assuming κs = κb = 0. The couplings of the second Higgs doublet to up-type quarks in
SFV are universally proportional to the Standard Model ones, with proportionality constant
ξ = 0.1 (left panel) and ξ = 1.0 (right panel). Couplings of the second doublet to leptons
have been set to zero. All the Higgses in the second doublet, H,A,H± are taken to be mass
degenerate. Constraints from b → sγ and b → dγ transitions are shown in green, with the
constraint on Cbd7′ (C
bs
7 ) indicated by the solid (dashed) line, respectively. Constraints from
Bd, Bs and K mixing are shown as solid, dotted and dashed red lines respectively. The
constraint from requiring the absence of fine-tuning in D − D¯ mixing is shown in purple.
4 Collider phenomenology of the up-type SFV 2HDM
The collider phenomenology of the SFV extra Higgs bosons differs significantly from the
one of the Standard Model Higgs, and from the one of more popular 2HDMs as the MFV
or types I-IV 2HDM, since the SFV Higgses may couple preferentially to light quarks. In
this case, the main differences between the SM Higgs and the extra SFV Higgs bosons are
twofold. First, while the SM Higgs is produced mostly via gluon fusion at hadron colliders,
extra SFV Higgs bosons are mostly produced at tree level via quark fusion. And second,
while the SM Higgs decays are most easily detected in diphoton or multilepton channels,
extra SFV Higgs bosons decay almost entirely to quarks and are most efficiently probed by
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Figure 3: The same as Fig. 2, but for κs, with κd = κb = 0.
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Figure 4: The same as Fig. 2 but for κb, with κd = κs = 0.
dijet searches.
We organize the discussion of the collider phenomenology as follows. In section 4.1 we
study the main production and decay modes for the SFV Higgs bosons. In section 4.2 we
study constraints from resonance searches in the dijet final state. We dedicate section 4.3 to
study constraints from diphoton and other final states. Finally, in section 4.4 we summarize
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Operator Scaling of leading diagrams in SFV
B → Xsγ Transitions H± penguin
O7 = (Q2σµν q¯3)† F µν
y2t
(
VtbVts
∗)× ξ κb yb ξ2
O′7 = (Q3σµν q¯2)F µν ξ κs κb κs
Bs − B¯s Mixing H± box H± -W± box H± -G± box
O1 =
(
Q3σ¯
µQ†2
)2
y4t
(
VtbVts
∗)2×
ξ4 g22 ξ
2 g22 ξ
2
O′1 =
(
d¯†2σ¯
µd¯3
)2
κ2s κ
2
b g
2
2 ys yb κs κb
O2 =
(
d¯2Q3
)2
ξ2 κ2s g
2
2 ys ξ κs
O′2 =
(
d¯3Q2
)2
ξ2 κ2b g
2
2 yb ξ κb
O4 =
(
d¯2Q3
) (
d¯†3Q
†
2
)
ξ2 κs κb g
2
2 κs κb g
2
2 κs κb
O5 =
(
d¯2Q
†
2
)(
d¯†3Q3
)
ξ2 κs κb g
2
2 ys ξ κb, g
2
2 yb ξ κs
Table 2: Operators induced by the SFV 2HDM leading to b → sγ transitions (top) and
Bs − B¯s mixing (bottom). For each operator, we show the scaling of the leading one-loop
contribution mediated by the top and dictated by the SFV ansatz. The operators arising
in Bd − B¯d mixing, K − K¯ mixing and b → dγ transitions can be obtained by a simple
replacement of the indices in those shown above, though the diagrams with top quarks may
no longer dominate due to the smallness of Vtd. In O5 the parentheses indicate color index
contraction, while for the other operators the spinor and color contraction is the same.
and discuss collider constraints and their interplay with flavor constraints. As in the previous
section, for brevity we focus only in the up-type SFV 2HDM with Higgs potential parameters
λ4 = λ5 = λ6 = 0, and leave a study of down-type SFV for future work. In this case the
2HDM is in the alignment limit, and the Higgs bosons H,A,H± are all degenerate. We also
continue to assume throughout that the couplings of extra Higgs states to leptons vanish,
ξ` = 0, to concentrate on the quark phenomenology.
22
4.1 Production and decay modes of the extra Higgs states
4.1.1 Production of neutral Higgses
Kdi
H,A
di
d¯i
ξY ui
H,A
ui
u¯i
× d
Kdi
H,A
g
g
× u
ξY ui
H,A
g
g
Figure 5: Diagrams leading to s-channel production of neutral Higgses in the alignment
limit in the up-type SFV 2HDM. The couplings of the Higgs bosons to the fermions are given
in Table 7. Here, Y u = diag(ySMu , y
SM
c , y
SM
t ) and K
d = diag(κd, κs, κb).
In the SFV 2HDM, if the neutral Higgs states H,A are below the LHC energy threshold,
they can be produced both at tree-level from quark fusion and at loop level from gluon fusion,
as shown in Fig. 5. In particular, neutral Higgses with large couplings to down or strange
quarks may be copiously produced thanks to the large PDFs of such quarks. While large
Yukawas for the light down-type quarks also enhance the gluon fusion diagram Fig. 5 (lower-
left), such diagrams are still chirally suppressed by one small SM quark Yukawa insertion.
As a consequence, production via gluon fusion is mostly due to diagrams with top-quarks in
the loop as for the SM Higgs, Fig. 5 (lower-right).
In Fig. 6 we show the neutral Higgs production cross sections at the 13 TeV LHC for
three benchmark cases with neutral Higgses coupling to each individual down-type quark
generation. The benchmark cases are defined by κd = 1, κs,b = 0 ; κs = 1, κd,b = 0 and
κb = 1, κd,s = 0. In all three scenarios for simplicity we set the Yukawa couplings to up-type
quarks to zero, ξ = 0, so that gluon fusion production is negligible and Higgses are produced
exlusively via quark fusion. Note that in this case, the production cross section scales simply
as κ2j , (j = d, s or b).
The significance of the large down quark Yukawa coupling is clear from the figure: for
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Figure 6: LHC production cross sections for the heavy neutral Higgses, H/A, for the three
benchmark cases: coupling exclusively to the down, strange and bottom quarks. We also
show the production cross section for the charged Higgs, H+, but coupling only to down
quarks. The corresponding cross section for H− is somewhat smaller due to the charge
asymmetry in pp collisions. In each case the couplings to the rest of the quarks are set
to zero. Here we show only the leading order cross section, though QCD corrections are
expected to be large, as in Drell-Yan.
the case with κd = 1, the cross section for a 150 GeV neutral Higgs is 1.9×104 pb, a factor of
∼ 400 larger than the SM gluon fusion Higgs production cross section σggfh,SM = 49 pb, while
for κd = 0.1, ξ = 0, it is ∼ 4 times larger. 6 For SFV Higgses coupling mostly to the strange
or bottom quarks, the contribution to Higgs production from quark fusion is smaller due to
the smaller parton luminosities for s and b quarks, but remains important. As a reference,
for a 150 GeV neutral Higgs H or A, the (leading order) down-type quark fusion production
cross section exceeds the Standard Model Higgs production cross section for strange Yukawa
κs ≥ 0.11, or for bottom Yukawa κb ≥ 0.18.
6Even if we allow for couplings to up-type quarks by setting ξ to be non-zero, down quark fusion remains
being one of the dominant production mechanisms at the 13 TeV LHC, over gluon fusion. For reference,
with κd = 10
−3, κs,b = 0 and ξ = 1, down-quark fusion is already the largest production mechanism.
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(V ∗Kd)ij
H−
ui
d¯j
−(ξ V T Y u)∗ij
H+
di
u¯j
Figure 7: Quark fusion production diagrams for the charged Higgs in the alignment limit,
in the up-type SFV 2HDM. The couplings of the charged Higgs to the fermions are given in
Table 7. Here V is the CKM matrix, and Y u = diag(ySMu , y
SM
c , y
SM
t ) andK
d = diag(κd, κs, κb).
4.1.2 Charged Higgs production
In the most popular versions of the 2HDM, e.g., the MFV or types I-IV 2HDMs, the most
significant charged-Higgs production mode for mH < mt − mb near the alignment limit is
tb associated production [53–55]. For larger charged-Higgs masses this mode is suppressed,
and the dominant process is instead gb → tH± [56, 57]. Quark-fusion production of the
charged Higgs is also possible, but in MFV or in the types I-IV models (including the 2HDM
in the MSSM), this relies on the b-quark Yukawa, and is suppressed by the b-quark PDF or
Vub [58–61]. Associated W
±H∓ production vanishes in the alignment limit.
In contrast, in the up-type SFV 2HDM, the enhanced Yukawa couplings to first and
second generation down-type quarks entirely change the dominant production modes for
charged Higgs bosons, and allow for comparatively much larger cross section via quark-
fusion of first or second generation quarks, shown in Fig. 7 (left). Quark fusion via the SFV
up-type Yukawas in Fig. 7 (right) is suppressed by the up and charm SM Yukawas or CKM
elements. We show the charged-Higgs production cross section for κd = 1, κs = κb = 0 in
Fig. 6. Quite differently from the case of the types I-IV or MFV 2HDMs, the charged-Higgs
production cross section is in this case the largest amongst all SFV Higgs bosons.
4.1.3 Total width and branching ratios
We now discuss the decays of the extra Higgs states. With our choice of Higgs potential
parameters λ4 = λ5 = λ6 = 0 the extra Higgses are degenerate and decays amongst these
states are forbidden [34, 62]. Decays to gauge bosons are also forbidden in the alignment
limit, λ6 = 0, while decays to leptons are not allowed in our simplified scenario where we
have set the second-doublet lepton Yukawas to zero.
We start by discussing the decays of the neutral Higgs states. The branching ratios for
the neutral Higgses H,A are shown in Fig. 8 for κd = 0.1, κs = κb = 0 and ξ = 0.1 (left) or
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ξ = 1 (right). The neutral Higgses H,A may decay at tree level to quarks or at loop level to
gluons and photons. From the figure, we see that for κd = 0.1 and for both cases ξ = 0.1 or
ξ = 1, the branching fractions to quarks are dominant. In the case ξ = 1 and for mH > 2mt,
the neutral Higgs states decay mostly to a top pair, while for ξ = 0.1 the dominant decays
are to down quarks for all mH .
An interesting aspect of having large couplings to the down type quarks is that the
intrinsic width of the heavy Higgs can be quite large, in stark contrast to the case of the
Standard Model Higgs. In Fig. 9 we show the width-to-mass ratio, Γtot,H/A/mH , for the
neutral Higgses for a variety of values of κd with ξ fixed to unity and κs = κb = 0. We see
that for values of κd approaching 1, the width of the resonance grows to & 10% of the mass.
The overall features for the charged Higgs decays are similar to the neutral Higgs case,
with the main difference being that the charged Higgs decays exclusively to two quarks in
our scenario. The charged Higgs width may also be sizable for large values of down-type
Yukawa couplings κj, j = d, s, b.
Figure 8: Plot of the branching fraction of the extra neutral Higgs bosons H/A to dd¯ (solid
blue), tt¯ (dashed yellow), gg (dotted green) and γγ (dot-dashed red), as a function of mH
with κd = 0.1, in the up-type SFV 2HDM. In the left panel we show the branching fractions
for ξ = 0.1 and in the right panel for ξ = 1. In both plots we’ve taken κs = κb = 0. The
behavior when replacing κd with either κs or κb is similar, with the decays to dd¯ replaced by
ss¯ or bb¯ correspondingly. The couplings of the Higgs bosons to fermions needed to obtain
the branching fractions are given in Table 7.
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Figure 9: Plot of the width to mass ratio, Γtot,H/mH for the heavy neutral Higgs, H for
a variety of κd values and ξ = 1. For values of Γ/m & 0.15, resonance searches discussed
in the text become less sensitive and the results should be interpreted with some care. The
couplings of the Higgs bosons to fermions needed to obtain the decay width are given in
Table 7.
4.2 Dijet searches
With sizable couplings to quarks, the SFV 2HDM is most efficiently probed at colliders via
searches for dijet resonances. While the dijet backgrounds in hadron colliders are large,
sizable couplings to light quarks allow for abundant production of neutral and charged SFV
Higgses.
Searches for resonances in the dijet invariant mass spectrum have been carried out by
the UA1 and UA2 experiments at the CERN Spp¯S [63–65], the CDF and D0 experiments
at the Tevatron [66–71], and at the ATLAS and CMS experiments at the LHC [72–92]. To
keep the phenomenology tractable, we again set limits in our model by treating the cases
where each down-type quark Yukawa κj (j = d, s, b) is separately dominant. Regarding the
up-type Yukawas, we consider two scenarios for the proportionality coefficient between the
first and second-Higgs doublet Yukawa matrices, ξ = 0.1 and ξ = 1.0.
In all the references that we consider, summarized in Table 3, limits have been presented
in terms of constraints on a parton-level cross section times branching fraction into dijets
σ ·B, or times an additional parton-level kinematic acceptance factor, σ ·B ·A. In order to
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recast these limits in our model, we use MadGraph [93] to obtain the parton-level σ ·B ·A for
the production of all our extra Higgs states H, A and H± in pp or pp¯ collisions. We exclude
events with a top in the final state (as in e.g. [84, 91]), since top decays will generically not
reconstruct into a single jet. We do include tops in the final state when calculating the Higgs
widths and branching fractions.
The results of the UA2, CDF and D0 searches are presented in [65, 69–71] as limits on
σ · B or σ · B · A for different resonance masses, and are thus straightforward to recast as
limits in our model parameters. CMS constraints in [82, 91, 92] are presented for a variety
of final states – qq, qg, and gg at parton level with kinematic cuts. Since we are interested
in setting limits on an SFV Higgs with significant tree-level couplings to quarks and in
our model couplings to gluons arise only at loop level, we always use the qq limits, with
the corresponding kinematic cuts to obtain the acceptance. The UA2, CDF, D0 and CMS
limits apply when the dijet resonance is narrower than the dijet detector resolution, and are
expected to deteriorate when the resonance is wide. To obtain a conservative limit, whenever
the decay width of our extra Higgses exceeds the detector resolution for each experiment, we
drop the corresponding dijet limits. For this purposes, we take the dijet detector resolution
at UA2, CDF and D0 to be 10% of the dijet invariant mass, and at CMS to be 5%, as
suggested by each one of the corresponding references [65, 69–71, 82, 91, 92].
The constraints from ATLAS [79, 84], on the other hand, are presented as limits on a
Gaussian resonance in the mjj spectrum after all detector effects and cuts are applied. To
apply these limits to our model, we follow the procedure detailed in Ref. [79], which involves
truncating events outside 0.8mH < mjj < 1.2mH for a given mass mH when computing the
acceptance to avoid the effects of long tails. The ATLAS results are presented for various
values of the ratio between the decay width and mass of the resonance Γ/m, so in order
to correctly apply these bounds we compute the width of the extra Higgs states across our
parameter space, and take the limits for the next largest value of Γ/m to be conservative.
We present our dijet limits on the SFV 2HDM in Figs. 10, 11 and 12 in the κd −mH ,
κs −mH and κb −mH planes correspondingly. In each figure, the left panel corresponds to
a proportionality constant in the up-type first and second doublet Yukawa matrices ξ = 0.1,
while the right panel corresponds to ξ = 1. We now proceed to set limits from dedicated
searches for b quarks in the final state.
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Collisions,
√
s( TeV)
Experiment Ref.
Luminosity
( fb−1)
Mass range
( GeV)
Notes
pp¯, 0.63 UA2 [65] 1.09× 10−2 140 - 300
pp¯, 1.8
CDF [69] 0.106 200 - 1150
D0 [70] 0.109 200 - 980
pp¯, 1.96 CDF [71] 1.13 260 - 1400
pp, 8
ATLAS [79] 20.3 400 - 3400
CMS [82] 18.8 500 - 1600 “Data-scouting”
pp, 13
ATLAS
[84] 37 1200 - 6400
[86] 29.3 450 - 1800 Trigger-level jets
CMS
[91] 36 600 - 8000
[92] 77.8 1800 - 8000
Table 3: Table of inclusive dijet searches used to set limits in the κj−mH plane, j = d, s, b.
4.2.1 Searches for b-tagged jets
In the case where the second Higgs doublet couples to b quarks only, κb 6= 0, κd, κs = 0,
quark fusion is suppressed due to the small b-quark parton luminosities. In this case, however,
searches for resonances including a b-tagged jets help mitigate the background, and can be
competitive with ordinary dijet searches.
Dedicated searches bb¯ resonances have been carried out by the CDF experiment [94] at
1.8 TeV, CMS [78, 81, 95] and ATLAS [96, 97]. These searches are summarized in Table
4, and are recasted as follows. Tevatron sets constraints on the process gb → φb, where
φ decays to bb¯ [98]. Here, the kinematic acceptance and b-tagging efficiencies have been
unfolded, so we can compute the parton level cross section and branching ratio in our model
and compare the results directly to the limits on σ · B to set constraints on κb. We find
that Tevatron searches for bb¯ resonances do not give any significant limits for our model.
The CMS constraints, on the other hand, are presented as limits on σ · B on a scalar,
29
Collisions,
Experiment Ref.
Luminosity Mass range
Notes√
s( TeV) ( fb−1) ( GeV)
pp¯, 1.8 CDF [94] 8.7× 10−2 200 - 750 2 b-jets
pp¯, 1.96 CDF+D0 [98] 2.6 + 5.2 90 - 300 gb→ φ(bb¯)b
pp, 7 CMS [78] 5.0 1000 - 4200 2 b-jets
pp, 8 CMS
[81] 19.7 1200 - 5500 2 b-jets
[95] 19.7 325 - 1200 2 b-jets
pp, 13 ATLAS
[96] 3.2 1500 - 3550 2 + ≥ 1 b-jet
[97] 36.1 750 - 4800 2 + ≥ 1 b-jet
Table 4: The same as Table 3, but for searches for b-tagged jets. We also indicate the
number of b-tags required in each search.
vector, and fermion resonance, so it is straightforward to recast the limits for our scalar
resonance. ATLAS sets limits on resonances with ≥ 1 b-tag, allowing an inclusive search
for both H,A → bb¯ as well as H± → bj. ATLAS reports the efficiency to tag the one and
two-b final state for a Z ′ and also provides kinematic cuts to obtain the acceptance, so we
simply calculate the total acceptance for our SFV 2HDM using the provided efficiency and
implementing the kinematic cuts in MadGraph. As in the ordinary dijet searches, ATLAS
set constraints on a Gaussian resonance, so we use the same methodology as described in
the previous section to set the limits. The summary of constraints from b-tagged jets on the
SFV 2HDM are presented in dashed lines in Fig. 12.
4.2.2 Boosted dijet searches
For second-Higgs doublet masses, mH . 300 GeV, the best collider constraints come from
searches for the boosted topologies at the LHC [85, 89, 90]. In this work we recast the CMS
limits presented in ref. [90]. CMS presents constraints as limits on a Z ′ resonance coupling
universally to quarks. To recast the limits in the context of the SFV 2HDM, we simply
rescale their limits by accounting for the difference in cross section times branching fraction
to jets between the Z ′ and SFV Higgs resonances. We show the results in Figs. 10-12.
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Figure 10: Constraints on the up-type SFV 2HDM from dijet and diphoton searches in the
plane of the second-Higgs doublet mass scale mH vs. its Yukawa coupling to down quarks
κd, assuming κs = κb = 0. The couplings of the second Higgs doublet to up-type quarks in
SFV are universally proportional to the Standard Model ones, with proportionality constant
ξ = 0.1 (left) and ξ = 1.0 (right). Couplings of the second doublet to leptons have been set
to zero. All the Higgses in the second doublet, H,A,H± are taken to be mass degenerate.
Constraints from flavor observables, detailed in Fig. 2 are shown as the gray shaded region.
The dark gray region above κd ∼ 1.0 indicates values of κd for which Γ/mH & 0.15 for the
heavy neutral Higgs, at which point dijet searches become less reliable and the results should
be interpreted with care.
4.3 Other search channels
Aside from dijets, there are several other decay channels for the heavy Higgs that may be
interesting at the LHC or future colliders. In particular, as noted in the previous section,
for small κj and mH and ξ = 1.0, the neutral Higgs production becomes SM-like, with the
production dominated by gluon fusion and a large decay branching fraction to diphotons.
The leading constraints on the SFV 2HDM with decays into diphoton resonances come
from ATLAS [99] and CMS [100]. ATLAS reports limits on a fiducialized Higgs production
cross section times branching fraction to diphotons [99], which is straightforward to recast in
our model by implementing the fiducial cuts in MadGraph. In the mass range 110−150 GeV,
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Figure 11: The same as Fig. 10, but for κs, with κd = κb = 0.
the best constraint arises from a CMS search for additional Higgs-like states [100], which
sets limits on the ratio σ/σSM for a new Higgs state produced in gluon fusion. We recast
these limits for our model by weighting the numerator and denominator by the branching
ratio for H,A→ γγ in our 2HDM and h→ γγ in the SM respectively. While there are other
searches for diphoton resonances between 150 and 200 GeV (e.g., [101, 102]), they are not
yet sensitive enough to provide constraints here. 7 The constraints from diphoton searches
are illustrated alongside the dijet searches in Figs. 10-12.
For ξ ∼ 1.0, searches for tt¯ or t+ j resonances may also be interesting. We have checked
constraints from searches at 8 and 13 TeV [104–106] for the heavy neutral Higgs in the SFV
2HDM, but they are not yet sensitive enough to put limits on the SFV parameter space.
This direction may be particularly interesting in the context of t + j resonance searches
from the charged Higgs, where the large production cross section specific to the SFV model
can be exploited. While thus far we have considered only resonant searches for the heavy
Higgs, we should note that t-channel exchange of the neutral or charged Higgs might also
lead to interesting deviations in the angular distributions of dijets at high mass. We leave
this interesting avenue to a future analysis.
7Below mH = 65 GeV, a region which we do not explore in this work, the best bounds on diphoton
resonances come from reinterpreting the fiducial cross section measurement of inclusive γγ production at the
LHC [103].
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Figure 12: The same as Fig. 10 but for κb, with κd = κs = 0. Solid lines indicate limits from
ordinary dijet searches while the dashed lines indicate searches using b-tagging information
(see text for details.)
4.4 Summary and discussion of collider bounds
We summarize the collider constraints on the SFV 2HDM in Figs. 10-12, presented in the
same parameter space as Figs. 2 – 4. As before, we consider only the case where one of κj
(j = d, s, b) is nonzero at a time, and present limits both for ξ = 0.1 and 1.0. The flavor
constraints described in Section 3 are depicted together as a grey shaded region in each case.
In Figs. 10 and 11 we start by presenting the results for the couplings to light-quarks, κd
or κs, being non-zero. From these figures, we see that extra Higgs bosons as light as 100 GeV
with ∼ 0.1 couplings to down quarks and ∼ 2 × 10−2 to strange quarks remain consistent
with both dijet and flavor searches. Limits from dijet searches improve at higher masses
where QCD backgrounds are smaller. For κd is nonzero, dijet searches set the most stringent
bounds for mH > 500 GeV both for ξ = 0.1 and ξ = 1.0. For κs non-zero, dijet searches
are comparatively weaker due to the smaller strange-quark PDF, which leads to a smaller
production cross section. As a consequence, for κs non zero, we see that the best limits come
mostly from flavor, especially in the case ξ = 1.0. For ξ = 0.1 the dijet constraints are already
nearly as strong for mH & 1 TeV, and may set the most stringent bounds with data from
the HL-LHC. The results in Fig. 10 and 11 illustrate the inherent complementarity of flavor
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and collider observables present in models with spontaneous flavor violation. Regarding
projected limits on light-quark dijet resonances at future hadron colliders, such constraints
have been extensively studied [107–109]. In particular, with 3 ab−1 integrated luminosity
at the HL-LHC, the limits on σ · B are expected to improve by a factor of 10 for & TeV
resonances, pushing the limit on κd to ∼ 2 × 10−2 for a 1 TeV heavy Higgs (assuming
κs = κb = 0, ξ = 0.1). For a heavy Higgs coupled predominantly to strange quarks, the dijet
bounds would surpass current flavor constraints above ∼ 1 TeV, assuming ξ = 0.1.
Current LHC constraints in the κb vs. mH plane, assuming κd, κs = 0 are shown in Fig. 12
for the various searches in Table 4. In addition to the b-jet searches described in Section
4.2.1, indicated by dashed lines, we also include the bounds from the inclusive dijet searches
without using any additional b-tagging information (solid lines). For high masses, where
the backgrounds from QCD dijets are already somewhat reduced, the inclusive searches are
competitive with the dedicated b-jet searches, especially since they include the additional
production of H±. The collider constraints shown in Fig. 12 are weak in comparison with the
stringent flavor bounds, in large part because of the small bottom quark PDF. In principle,
a small but nonzero value of κd or κs could lead to a significant cross-section enhancement,
while preserving a significant branching fraction to b-quarks, potentially leading to more
sensitivity from b-tagged searches. We leave such a consideration of the full five-dimensional
parameter space to future work. The sensitivity of HL- and HE-LHC to searches for b-jet
resonances was also studied in Ref. [108]. In addition to the improved limit on σ · B, the
contribution of the b-quark PDF is enhanced at low x for higher energies, making collider
searches potentially competitive with flavor constraints even in this scenario.
Searches for diphoton resonances provide constraints in the κj vs. mH plane for masses
between 65 and 350 GeV. These constraints depend largely on the branching ratio to two
photons driven by ξ, which is largely independent of any hierarchies in the κj, so long as all
of the κj . 10−2. However, because they depend explicitly on the loop-induced production
and decay mediated by the top quark, they apply only for ξ = 1.0, and vanish for ξ = 0.1.
For ξ ∼ 1.0, however, Bd-mixing constraints already forbid mH . 400 GeV, independent of
the κj, making diphoton constraints largely redundant.
Finally, we note again that the decay channels change if the alignment parameter,
cos(β − α) is allowed to be nonzero, or if decays between different Higgs states are allowed.
For brevity, we will not consider such scenarios here. Instead, we now move on to a perhaps
more interesting consequence of having nonzero alignment parameter, namely the possibility
of a substantial enhancement of the Yukawas of the 125 GeV Higgs to light quarks.
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5 Light Higgs Yukawa enhancement in the SFV 2HDM
Thus far we have focused only on the collider phenomenology of the new Higgs states,
assuming no mixing between the SM-like Higgs and the extra neutral scalars. We now
relax this assumption by allowing non-zero alignment parameter cos(β − α). This leads to
interesting consequences for the phenomenology of the light Higgs, particularly via enhanced
Yukawa couplings to light quarks inherited from the mixing.
5.1 Enhancements to down-type quark Yukawas
In the up-type SFV 2HDM discussed so far, the Yukawa couplings of the second Higgs doublet
to down-type quarks can be large, so mixing can lead to enhancements of the down-type
quark Yukawas of the 125 GeV Higgs. This can be seen explicitly from the couplings in Table
7. We illustrate this feature in Fig. 13 by plotting contours of the Yukawa enhancements
for the down-type quarks as a function of the second-doublet Yukawas κj (j = d, s, b) and
the alignment parameter cos(β − α). We see that in the up-type SFV 2HDM the 125 GeV
Higgs Yukawas may in principle be enhanced by several orders of magnitude with respect
to the SM expectations. The effect is particularly dramatic in the couplings to down- and
strange-quarks for large values of κd,s and cos(β − α).
The κj − cos(β − α) parameter space, however, is constrained both by limits on the new
extra Higgs states, described in sections 3 and 4, and by measurements of the 125 GeV Higgs
properties. We now study if such constraints are compatible with large enhancements to the
down and strange couplings. For this purpose, we set only κd or κs to be non-zero and fix
κb = 0. We also set the couplings of the second doublet to up-type quarks to zero by taking
ξ = 0, in order to relax bounds from flavor discussed in the previous sections (in particular,
from radiative B-meson decays, see Table 2). Regarding the Higgs potential parameters we
make the following assumptions. First, we fix the heavy Higgs mass to mH = 500 GeV.
With mH > v = 246 GeV and Higgs potential parameters not much larger than one, the
alignment parameter may be approximately expressed as [29]
cos(β − α) = −λ6 v
2
m2H
[
1 +O
(
v4
m4H
)]
, (36)
where λ6 is defined in the Higgs potential Eq. (2). Note that large mixing can only be
obtained with large λ6. We have checked that for mH = 500 GeV, values of | cos(β − α)| up to
0.45 are attainable with λ6 remaining perturbative at scales . 5 TeV. Finally, for simplicity
and as in the previous sections, we take the Higgs potential parameters λ4 = λ5 = 0. This
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Figure 13: Enhancement contours of the 125 GeV Higgs boson Yukawa couplings to down
(left panel), strange (middle) and bottom quarks (right) in the up-type SFV 2HDM, as a
function of the alignment parameter cos(β − α) and the Yukawa couplings of the second
Higgs doublet to these quarks κj, j = d, s, b. We note that only the relative sign between κj
and cos(β − α) is physical.
makes the heavy pseudoscalar and charged Higgs bosons degenerate mA = m
±
H . The non-
zero value of λ6, on the other hand, generates a splitting between the mass of the neutral
heavy Higgs state mH and mA = m
±
H , but which is only of order λ
2
6v
4/m2H ∼ cos(β − α)2v2
[29] and is neglected in what follows.
With these simplifications and keeping mH = 500 GeV fixed, we start by recasting the
leading flavor and collider constraints of the previous sections on the extra Higgs bosons to
the κj, cos(β − α) plane. We present the limits in Fig. 14 in blue and purple, for enhanced
down-quark Yukawas on the left panel, and strange-quark Yukawas on the right panel. While
in the previous sections we worked in the limit cos(β − α) = 0, the D − D¯ mixing bounds
presented in the figure are not affected by non-zero mixing amongst neutral Higgs states, since
meson oscillations at one loop arise entirely from box diagrams involving charged Higgses
only. The dijet constraints, on the other hand, become weaker in the presence of mixing, as
production of the heavy neutral Higgses to dijets is depleted by a factor sin2(β − α).
We now turn to the analysis of constraints from the measured 125 GeV Higgs proper-
ties. Four important types of modifications to the Higgs properties arise in the presence of
mixing. First, large alignment parameter dilutes the Higgs-gauge boson couplings and the
couplings of the Higgs to third-generation fermions (in our scenario with κb = 0, ξ = 0) by a
factor sin(β − α) [29, 32]. Second, enhancements on the 125 GeV Higgs-light quark Yukawas
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increase the width of unmeasured Higgs decays to dijets, universally diluting the branch-
ing ratios to all the measured final states. The overall dilution of the measured branching
fractions due to the enhanced Higgs Yukawas is[
1 +
ΓSMqq¯
ΓSMtot
([
λhqq¯
sin(β − α)λhqq¯,SM
]2
− 1
)]−1
, (37)
where q represents the light quark, s, d. Third, in the presence of the heavy Higgs bosons,
several of the 125 GeV Higgs production modes measured at LHC receive new contributions,
both from the enhanced Yukawas of the 125 GeV Higgs itself, and from diagrams mediated
by the extra Higgs bosons. For instance, the gluon fusion channel receives new contributions
from quark fusion due to the enhanced 125 GeV Higgs Yukawa to down or strange quarks.
Finally, for large κd, κs and non-zero mixing, there is a significant contribution to SM Higgs
pair production via quark fusion production of heavy Higgs states decaying to two SM
Higgses, which may be already constrained by current di-Higgs measurements [110, 111].
This important effect has not been pointed out previously in the literature, so we leave the
corresponding study for a dedicated forthcoming paper [112].
A full analysis of the above effects on all the measured Higgs properties is beyond the
scope of this work. For brevity, here we only obtain a conservative limit on the κj, cos(β − α)
plane by simply requiring that the inclusive gluon-fusion signal strength µggF ≡ σggF/σSMggF,
which is the most precisely measured at ATLAS and CMS, lies within the bound in [113].
We compute the signal strength using a MadGraph implementation of our model, taking
into account the dilution of the one-loop ggF triangle diagrams due to Higgs mixing, the
dilution of the measured branching fractions in Eq. (37) and the extra contribution to ggF
from indistinguishable quark-fusion production due to the enhanced Higgs Yukawas. The
resulting constraints are presented in green in Fig. 14.
With all the constraints in place, from Fig. 14 we see that flavor and collider limits on the
extra Higgs states together with limits on the measured Higgs properties, already restrict
possible enhancements of the Higgs down and strange quark Yukawas. Within our 2HDM,
enhancements on the down-quark Yukawa larger than ∼ 500 or on the strange-quark Yukawa
larger than ∼ 30 are not possible. While in reaching this conclusion we have fixed the heavy
Higgs mass to mH = 500 GeV, we do not expect that significantly larger enhancements would
be allowed by relaxing this assumption, as limits on the heavy Higgses are similar over a
wide range of mH (see Figs. 10 and 11), and limits from the ggF signal strength are largely
independent of mH for fixed Yukawa enhancements.
We conclude by commenting on the prospect for measuring enhanced Higgs Yukawas.
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Only the Yukawa couplings to third generation quarks have been measured at the LHC thus
far [114–117]. However, limits on Higgs Yukawas to light quarks at current and future col-
liders have been discussed in refs. [14–23, 7]. Limits on the Higgs Yukawa couplings to down
and strange quarks may be obtained using limits on the total Higgs width [118]. The bounds
are at the level λh
dd¯
. 104ySMd and λhss¯ . 103ySMs [17] correspondingly. A fit to Higgs data al-
lowing for only λh
dd¯
or λhss¯ to vary with respect to their SM values gives a limit that is an order
of magnitude better [15], but which cannot yet probe our benchmark scenario. Regarding
direct probes, searches for h→ φγ decays provide the only direct bound on λhss¯ [23]. These
searches are not sensitive of a ∼ 30 enhancement factor, both with current data or at the
HL-LHC [15, 20]. Other studies indicate that such an enhancement would be discoverable
at the HL-LHC using Higgs kinematic distributions [20] or at an e+e− machine with strange
tagging [7], making the SFV 2HDM an ideal target for such searches.
5.2 Enhancements to up-type quark Yukawas
In this and the previous two sections, we have focused entirely on up-type SFV, which leads
to enhancements of the down-type quark Yukawas. To understand potential enhancements
to the up-type Yukawas instead, we now briefly consider the down-type SFV 2HDM, defined
by Eq. (11). In this theory there are three new up-type Yukawas, κu, κc and κt, coupling
the second Higgs doublet and up-type quarks, while the down-type quark couplings are
universally proportional to the SM ones. The Yukawa couplings for the CP-even neutral
Higgs in up-type SFV are given in Table 8. The resulting enhancements in the 125 GeV
Higgs up-quark Yukawas are plotted in Fig. 15. Note that because ySMt ∼ 1 is already large
in the SM, mixing amongst Higgses can result in a suppression rather than an enhancement
of this Yukawa, due to cancellations.
The most interesting effect in the down-type SFV 2HDM is again the possibility of large
enhancements of the Yukawas to the light quarks, in this case to the up- and charm-quarks,
when the alignment parameter and second-Higgs doublet Yukawas κu, κc are large. In this
work we have not studied flavor or collider limits on the extra Higgs states. These limits
set constraints on κu and κc, but for brevity their analysis is left for future work. In the
absence of a rigorous analysis on the extra Higgs states, we only present limits from the
measured gluon-fusion 125 GeV Higgs signal strength, as described in the previous section.
The resulting constraints are presented in Fig. 16 in green, where we have set the Higgs
potential parameters as in the previous section, mH = 500 GeV, couplings of the second
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Figure 14: Black contours: enhancement of the down (left) and strange-quark (right)
125 GeV Higgs Yukawa couplings in the up-type SFV 2HDM, as a function of the alignment
parameter cos(β − α) and the Yukawa coupling of the second Higgs doublet to down quarks
κd (left) or strange quarks κs (right). Purple: D − D¯ mixing bounds on the extra Higgs
bosons providing the enhancements via mixing. Blue: dijet bounds from production of the
extra Higgs bosons at LHC. Green: constraints from the measured inclusive gluon-fusion
signal strength for the 125 GeV Higgs [113]. In both panels we have set the couplings of the
second Higgs doublet to leptons, up-type quarks and to the bottom quark to zero, and we
have fixed the heavy Higgs mass scale to mH = 500 GeV. In addition, in the left panel we
set the Yukawa coupling of the second Higgs doublet to the strange quark to zero, κs = 0,
while on the right panel we have instead set the coupling to the down quark to zero, κd = 0.
doublet to down-quarks, leptons, and the top-quark to zero. From the figure, we see that
enhancements factors of order ∼ 2000 and ∼ 3 are possible on the up and charm-quark
Yukawas correspondingly. Larger enhancements are ruled out by the measured gluon-fusion
signal strengths.
Current limits on the up-quark Yukawa from the total Higgs width are at the level of
λhuu¯ . 104 ySMu , while a global fit to data sets a limit that is an order of magnitude better
[15]. Regarding the charm-quark Yukawa, direct limits using charm-taggers currently set a
constraint of the order λhcc¯ . 102 ySMc [119]. A global analysis of LHC data sets a bound [120]
λhcc¯ . 6.2 ySMc . These limits are expected to drastically improve at the HL-LHC [14, 16, 18].
The down-type SFV 2HDM provides a well motivated target for such searches.
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Figure 15: The same as Fig. 13, but for the up-type quark Yukawa enhancements, which
are possible in down-type SFV.
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Figure 16: Same as 14, but for the up-type quark Yukawa enhancements, which are possible
in down-type SFV. Constraints from the measured inclusive gluon-fusion signal strength for
the 125 GeV Higgs [113] are shown in green. Differently from the case of up-type SFV in
Fig. 14, in these figures we do not present constraints due to the extra Higgs states from
flavor and dijets, which we have not recasted here and are left for future work. In the left
panel we set the Yukawa coupling of the second Higgs doublet to the charm quark to zero,
κc = 0, while on the right panel we have instead set the coupling to the up quark to zero,
κu = 0.
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6 Conclusions
In this work we presented two theories of extended Higgs sectors, the up- and down-type
spontaneous flavor violating (SFV) two Higgs doublet models. In these theories, extra Higgs
states can have significant couplings to any quark generation. They are free from tree-level
FCNCs due to flavor alignment, while at one-loop such currents are further suppressed by
CKM matrix elements. While flavor alignment usually is accompanied by significant tuning,
the SFV structure can be ensured by a UV completion in a technically natural way [2], and
demonstrated explicitly for the 2HDM in Appendix A.
We performed a comprehensive study of bounds from FCNCs on the extra Higgs states in
the up-type SFV 2HDM, where such Higgses can have generation specific couplings to down
quarks. At the LHC, such Higgses are produced via quark-fusion and decay mostly to dijet,
but also to diphoton final states. We then performed a detailed study of dijet and diphoton
bounds, and whenever necessary, also of bounds on resonances of two bottom quarks. We
concluded that a neutral, a pseudoscalar and a charged Higgs can all together have a mass
of 100 GeV, and Yukawa couplings to down quarks as large as 10−1, and to strange quarks
as large as 10−2, without being ruled out by flavor or collider bounds. These couplings are
orders of magnitude larger than the corresponding SM Higgs Yukawas. LHC collider bounds
are the most stringent on Higgses coupling to down-quarks, due to their large quark-fusion
production cross section.
If the 125 GeV Higgs is partially composed of such extra Higgses with large couplings
to light quarks, we find that there can be dramatic enhancements to its Yukawas, with
respect to the SM expectations. We find that while keeping consistency with all collider
and flavor bounds on our Higgs sector, and with currently measured Higgs signal strengths,
enhancements of the down-quark and strange-quark Yukawa couplings up to ∼ 500 and ∼ 30
correspondingly can be obtained in up-type SFV. Larger enhancements seem unlikely within
a realistic construction, due to collider bounds on the extra Higgses providing the Yukawa
enhancements, and due to bounds on the measured Higgs signal strengths.
In down-type SFV on the other hand, enhancements in the up-type quark Yukawas
may instead be obtained. While we do not perform a comprehensive analysis of flavor and
collider constraints in down-type SFV, we find that at least while keeping consistency with
the currently measured ggF Higgs signal strength, enhancements of order ∼ 2000 and ∼ 3
to the up- and charm-quark Yukawas correspondingly are possible.
We see several avenues of progress for the future. First and foremost, our work motivates
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studying new physics with preferential couplings to light quarks. Such scenarios have been
widely overlooked, mostly due to theoretical expectations on how the flavor symmetries are
broken, which may be misleading. Theories of axions, Z ′ gauge bosons, leptoquarks, vector-
like fermions and others, with specific couplings to light quarks, could lead to interesting
new phenomenology and give insight for new experimental probes. Secondly, while here we
mostly studied an extended Higgs sector with large couplings to down-type quarks, it is
rather obvious that an analysis of large couplings to up-type quarks is also needed. Finally,
given the difficulties of finding extra Higgses in dijet final states and extracting their flavor
content, efforts in the direction of light quark jet taggers at current and future colliders are
valuable. As the LHC moves into its third run and discussion on future colliders continues,
it is important to remain open to well-motivated new physics that could lead to unexpected
signatures, that have remained hidden under the vast amounts of data.
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A UV completion
A UV completion for a general theory satisfying the SFV Ansatz was presented in ref. [2].
For completeness, we present here an adaptation of this UV completion for the up-type
SFV 2HDM. The goal is to build a UV completion in which flavor alignment arises in a
technically-natural way, to avoid large tunings in the flavor structure of our extended Higgs
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sector.
U(3)U U(3)U¯ U(3)u¯ U(1)B Z2
U 3 1/3 −1
U¯ 3 −1/3 −1
S 3¯ 3¯ −1
Table 5: Charge assignments for the vector-like quarks and gauge singlet. SM fields are
neutral under the Z2 symmetry.
To do so, we extend the 2HDM with a pair of vector-like right-handed up-type quarks,
UA, U¯A, where A = 1, . . . 3 and U¯A has the same gauge quantum numbers as the right-
handed SM up-type quark, u¯i. The vector-like quarks transform under their own flavor
group, U(3)U ×U(3)U¯ that is distinct from the SM flavor group. We also include new gauge
singlets, SiA, which transform as triplets of the U(3)u¯ and U(3)U flavor groups. We consider
a Lagrangian with canonically normalized kinetic terms and the following renormalizable
quark interactions
L ⊃MABUAU¯B + ζSiAUAu¯i + ηuaijQiHau¯j − ηdaijQiHcad¯j + h.c. (38)
The last two terms in the Lagrangian correspond simply to the Yukawa couplings of the
2HDM, the first term is a vector-like mass for the extra right-handed quarks, while the
second term is the only renormalizable coupling that we allow between such quarks and the
SM right-handed quarks. Additional renormalizable reactions can be forbidden by imposing
additional discrete or continuous symmetries, as in Table 5. In particular, these symmetries
forbid couplings between the new vector-like quarks and the two Higgs doublets Ha, a = 1, 2
at the renormalizable level. Without loss of generality, we may diagonalize the matrix MAB
via a vector-like quark rotation, MAB = δABMA. As in Section 2 we work in the Higgs basis,
where the first doublet H1 is the SM doublet breaking electroweak symmetry, cf. Eq. (3).
We now impose two important constraints. First, we impose that CP and the quark
family number group U(1)3f are conserved symmetries of the theory Eq. (38). In this case,
there is of course no flavor mixing amongst SM quarks nor CP violation, making the theory
unrealistic. We will solve this issue below. Second, we allow two down-type Yukawa matrix
spurions in the theory, but only one up-quark Yukawa matrix. In this case, the up-type
Yukawa matrices of the two Higgs doublets are necessarily proportional, ηu1 ∝ ηu2 .
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Now, due to U(1)3f and CP conservation, there exists a flavor basis in which the Yukawa
matrices ηu,da , a = 1, 2 are real and diagonal, and are thus trivially flavor-aligned. Moreover,
these matrices remain real-diagonal under RGE evolution or threshold corrections from the
UV due to the U(1)3f and CP symmetries. In this real diagonal flavor basis, the Yukawa
matrices for the two Higgs doublets are
ηdaij = δijη
d
ai , η
u
aij = δijξaη
u
i , (39)
where ξ1,2 are real proportionality constants. Again, note that we allow two down-type
Yukawa spurions, ηd1ij and η
d
2ij, but only one up-type Yukawa spurion η
u
i . We commit to the
basis Eq. (39) in what follows.
Ua
u¯j
Sja
u¯i
S†ia
Figure 17: Tree level diagram leading to the effective theory Eq. (41). At leading order in
the momentum expasion, this diagram is the only contribution to the dimension six EFT.
Diagrams with gauge bosons are trivially related by gauge invariance.
We must now introduce CP and family number breaking in the theory in order to allow
for flavor mixing and a CKM phase. We do so by breaking the CP× U(1)3f symmetry only
spontaneously, by condensates of the singlet field SiA. Note that since this amounts only to
soft breaking, the 2HDM Yukawas are protected from flavor misalignment at scales above
∼ SiA by the CP× U(1)3f symmetry, and it is only below this scales that we need to worry
about possible misalignment effects.
The effects of the condensates in the infrared are most easily understood by treating SiA as
a flavor breaking spurion and integrating out the right-handed quarks UA, U¯A. At tree-level
the only contributing diagram to the low-energy theory is given by Fig. 17 (plus diagrams
related by gauge invariance). The effects of this diagram in the infrared are suppressed if
the vector-like quark masses are much larger than the singlet condensates. Since the singlet
condensates are the origin of CP×U(1)3f breaking in our theory, in order to allow for sizable
mixing angles and CKM phase, we must then take S ∼ M . This motivates organizing the
low-energy theory as an expansion in terms of an effective operator dimension that counts
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powers of the singlet condensate S and vector-like quark masses M in the operator coefficient
[2]. Our effective dimension is then defined as
nED = 4 + nM2 − nS2 . (40)
The leading effects in the infrared are obtained by working up to effective-dimension four.
Higher effective-dimension operators lead to effects that are suppressed by infrared momenta
over vector-like quark masses, ∼ p/M , and we drop them. At effective-dimension four, the
diagram Fig. 17 leads only to wave-function renormalization of the right-handed up quarks.
The low-energy effective theory is then, up to this dimension, 8
L ⊃ DµH†aDµHa + i Zuiju¯†i σ¯µDµu¯j + i Q†i σ¯µDµd¯j + i Q†i σ¯µDµQi
+
[
ηuaij QiHau¯j − ηd†aijQiHcad¯j + h.c.
] (41)
where
Zuij = δij +
ζ∗ζ
M∗AMA
S†iASjA. (42)
The wave-function renormalization matrix Zu is not diagonal in quark flavor space and is the
only source of individual quark number and CP violation in the tree-level effective theory at
dimension four. The expression Eq. (42) is actually tree-level exact at all effective dimensions:
higher effective-dimension terms in the EFT expansion generate other operators but do not
lead to corrections to the wave-function matrix Eq. (42). Note that in this effective theory,
the strong-CP problem is automatically solved via the Nelson-Barr mechanism [121–124].
In order to check if our theory remains flavor-aligned in the low energy effective theory,
we must go to the canonical kinetic basis for the right-handed SM up-quarks. We do so by
defining the square root matrix
Zu ≡
√
Zu
†√
Zu (43)
and perform a field redefinition
u¯′i =
(√
Zu
)
ij
u¯j. (44)
In terms of the redefined quark fields (dropping the primes), the low energy theory is
DµH
†
aD
µHa + i u¯
†
i σ¯
µDµu¯j + i d¯
†
i σ¯
µDµd¯i + i Q
†
i σ¯
µDµQi
+
[
λuaij QiHau¯j − λd†aijQiHcad¯j + h.c.
] (45)
8One may worry that operators of higher effective-dimension may lead to FCNCs. However, it is easy to
check that such operators, after using the equations of motion, lead only to ∆F = 1 four-fermion operators
suppressed by up-type Yukawas. This allows the vector-like quark masses to lie far below the scales of order
∼ 105 TeV dictated by typical up-type FCNC bounds.
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where
λda = η
d
a , λ
u
a = ξaη
u
(√
Zu
)−1
, (46)
and the matrices ηu and ηd1,2 defined in Eq. (39) are real and diagonal in our flavor basis.
Note that upon renormalization of the up-quarks, the first and second-doublet down-quark
Yukawa matrices ηd1,2 are unaffected, so they remain real diagonal and flavor aligned, but
they are not necessarily proportional to each other. On the other hand, the first and second-
doublet up-type Yukawa matrices in the effective theory are proportional to each other, so
they are also simultaneously diagonalizable, i.e., they are also flavor aligned. 9 We conclude
that in our theory, flavor alignment is preserved in the low-energy effective theory, even after
introducing CP × U(1)3f breaking spontaneously. Misalignment arises from RGE running
below the vector-like quark matching scale, but such corrections are suppressed by a loop
factor, CKM matrix elements and SM Yukawas, and can be calculated explicitly within the
2HDM. We dedicate Appendix B to a detailed study of RGE misalignment corrections.
The Yukawa structure Eq. (46) corresponds precisely to the up-type SFV 2HDM defined
in Section 2.2. To provide direct contact with our notation in Section 2.2, we first express the
Yukawas for the SM Higgs doublet, H1 as functions of the CKM matrix and quark Yukawa
couplings by directly comparing Eq. (46) with Eq. (19),
λu1 = ξ1η
u
(√
Zu
)−1
= V T Y u , (47)
λd1 = η
d
1 = Y
d , (48)
where the SM Yukawa couplings Y u,d are defined in Eq. (5). From Eq. (47), we can extract
the relationship between the wave-function renormalization matrix and the CKM matrix
and up-type Yukawas: (√
Zu
)−1
=
1
ξ1
[
η−1u V
T Y u
]
. (49)
Finally, using Eq. (49) in Eq. (46), we obtain the Yukawas for the second doublet in terms
of the CKM matrix and quark Yukawa couplings
λu2 = ξλ
u
1 = ξ V
T Y u , (50)
λd†2 = η
d
2 = K
d , (51)
9Note that if we would have added a new Yukawa spurion in the up-sector for the second Higgs doublet
ηu2 not proportional to the one of the first Higgs doublet η
u
1 , flavor alignment in the up sector (simultaneous
diagonalizability of the Yukawas) would have been spoiled after applying the wave-function renormalization
factor in both spurions. This is the reason why up-type SFV requires the first and second doublet up-sector
Yukawa spurions to be proportional.
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where we have defined the real coefficient ξ = ξ2 / ξ1 and denoted by K
d the real-diagonal
matrix containing three new quark Yukawa couplings, as in Eq. (10).
We conclude by pointing out that other UV completions leading to flavor and/or CP
breaking only in quark wave-function renormalization have been studied in e.g. [121–127].
Other constructions leading to flavor alignment in the context of supersymmetry or extra-
dimensional models can be found in [6, 128] and [129–131] correspondingly.
B Flavor misalignment and tuning from RGE
Below the scale of spontaneous flavor violation given by the singlet condensates, RGE correc-
tions for the 2HDM Yukawas spoil flavor alignment, as discussed in Section A. In addition,
these corrections may lead to significant contributions to the small first-generation quark
Yukawas, which would lead to a source of tuning in the theory. We dedicate this appendix
to quantify the flavor misalignment and tuning from RGE running of the 2HDM Yukawas.
The beta functions for the up- and down-type Yukawa couplings in the 2HDM are given
by [132]
16pi2
d
dµ
λd†a =
2∑
b=1
[
3 Tr
(
λd†a λ
d
b + λ
u
bλ
u†
a
)
λd†b +
1
2
(
λubλ
u†
b + λ
d†
b λ
d
b
)
λd†a
+λd†a λ
d
bλ
d†
b − 2λubλu†a λd†b
]
− AD λd†a , (52)
16pi2
d
dµ
λua =
2∑
b=1
[
3 Tr
(
λuaλ
u†
b + λ
d†
b λ
d
a
)
λub +
1
2
(
λubλ
u†
b + λ
d†
b λ
d
b
)
λua
+λua λ
u†
b λ
u
b − 2λd†b λda λub
]
− AU λua , (53)
where µ = log Λ and
AU = 8g
2
3 +
9
4
g22 +
17
12
g21, , AD = AU − g21 . (54)
B.1 Tuning due to radiative corrections to light-quark masses
Large Yukawa couplings of a second doublet to first generation quarks lead to sizable RGE
corrections to the corresponding SM Higgs Yukawas. This is an irreducible source of tuning
in the theory. For instance, at zero-th order in off-diagonal CKM elements the corrections
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to the first generation down-quark Yukawas in up-type SFV are
δyd,s,b ∼ 1
16pi2
y2t ξκd,s,b log
(
Λ2UV
Λ2IR
)
. (55)
The largest tuning comes from fine cancellations needed to obtain the SM down quark mass.
We then define tuning as max
[
d log yd
d logαi
]
[133], with αi = (κd, ξi). With this measure, we find
that for κd = 1, ξ = 1, the tuning is O(10−3), but the tuning decreases linearly with both
κd and ξ. Theories with rather large Yukawa couplings to first generation quarks, κd = 0.1
and ξ = 0.1 are only tuned at the ten-percent level.
B.2 Flavor misalignment and constraints from radiatively induced
FCNCs
The corrections from RGE running can be separated in two types. First, the RGE terms
that arise from Higgs anomalous dimensions and/or from gauge interactions preserve flavor
alignment to long distances, and they only lead to universal multiplicative rescalings of the
2HDM Yukawas. The second kind of corrections are the RGE evolution terms coming from
the renormalization of the Yukawa three-point function, which break flavor alignment and
the SFV Ansatz. For instance, consider the up-type SFV 2HDM. In this case, at the SFV
scale given by the singlet condensates in the UV completion of section Section A, there exists
a flavor basis in which the down-quark Yukawa matrices of the first and second doublet are
both diagonal, so they are flavor-aligned. In this flavor basis, RGE evolution below that
scale induces off-diagonal elements in both Yukawa matrices due to the terms proportional
to λuλu† = V TY 2u V
∗ in the beta function Eq. (52). If the couplings of the second-doublet
to down quarks are large, the leading contributions to these off-diagonal elements at the
electroweak scale are of the order
1
16pi2
(
V TY 2u V
∗)Kd log(ΛUV
ΛEW
)
, (56)
where Kd is the real-diagonal matrix controlling the couplings of the second-doublet to
down-quarks, c.f. Eq. (51). Naively, the flavor-misaligned terms are of the order Eq. (56).
This expectation is incorrect since in order to calculate the misaligned terms, it is necessary
to diagonalize the first-doublet Yukawa at the electroweak scale. To see the effect of this
diagonalization, consider the simpler two-family case, and with a second doublet coupling
only to down-quarks λd†2 = diag(κd, 0). In this scenario, the first-doublet Yukawa matrix at
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the electroweak scale is schematically of the form
λd†1 ∼
(
yd 0
1
16pi2
y2cκd V22V21 log
(
ΛUV
ΛEW
)
ys
)
, (57)
where yd and ys are of the order of the SM down and strange Yukawas in our leading order
estimate. If the off-diagonal corrections are small, the rotation angle needed to diagonalize
the matrix Eq. (57) is of the order
θ ∼ 1
ys − yd
1
16pi2
y2cκd V22V21 log
(ΛUV
ΛEW
)
. (58)
Applying a rotation by an angle θ in the second-Higgs doublet Yukawa λd†2 = diag(κd, 0)
induces on it off diagonal elements of the order
1
ys − yd
1
16pi2
y2cκ
2
d V22V21 log
(ΛUV
ΛEW
)
, (59)
which are larger than the naive expectation in Eq. (56) by a factor κd/(ys−yd) ∼ κd/ys. For
κd ∼ 0.1, this is an enhancement of the misaligned terms of order ∼ 102. This phenomenon
is an elementary characteristic of matrix diagonalization and is referred to as level repulsion,
as it is most severe when two eigenvalues of a matrix are similar. Level repulsion breaks the
naive estimate of a polynomial flavor spurion expansion, and is also relevant for other types of
2HDMs as the ones studied in [134]. Level repulsion is most significant for the misalignment
of elements in the first two generations, since repulsion between third-generation and the
lighter quarks is only an effect of order 1/yb, instead of 1/ys.
Flavor misalignment leads to radiatively induced FCNCs in processes mediated by the
neutral Higgses. While for ∆F = 2 processes these effects arise formally at two-loops since
they require two insertions of one-loop misaligned couplings, they are enhanced by large
logarithms and level repulsion, and are potentially as large as the one-loop FCNCs from
charged Higgs boxes computed in Section 3. To estimate these effects, we wrote a numerical
code to calculate the flavor misaligned elements of the two-doublet Yukawa matrices in the
up-type SFV 2HDM. In the code, the Ansatz for the SFV Yukawas Eq. (51) is imposed at
a high scale, corresponding to the scale of the SFV UV completion. We take this scale to
be ΛUV = 100 TeV. We then evolve the Yukawas to the electroweak scale using the beta
functions Eq. (52) and Eq. (53). In the infrared, we impose the known quark masses and
CKM matrix elements to fix the first-doublet Yukawas. We then iterate between the UV
and EW scales until we obtain consistency with both the SFV Ansatz boundary conditions
at the UV, and the measured quark sector parameters at the EW scale.
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Using our code, we find the second-doublet Yukawa matrices at the EW scale, including
their misaligned elements. Because of the factor 1/(ys− yd) from level repulsion, the largest
misaligned elements are found in the first two generation Yukawas, leading to significant
effects in K − K¯ mixing. We find that these effects are the most constraining from all the
RGE induced FCNCs. We present the corresponding limits from radiatively induced K− K¯
mixing in the κd,s−mH in Figures 18 and 19, in blue, for both ξ = 0.1 (left panel) and ξ = 1
(right panel). In the figures, we also show the direct constraints from charged Higgs boxes
discussed in Section 3. From the figures, we see that in most regions of parameter space,
the flavor constraints from the charged Higgs boxes discussed in the body of this paper are
dominant, with an exception being the constraints on κd for ξ = 1 and mH & 500 GeV,
where bounds from K − K¯ mixing dominate. In all cases, we see that the inclusion of flavor
misalignment due to the RGE does not lead to constraints on our up-type SFV 2HDM much
beyond the ones already discussed in Section 3.
�→��γ �����
������
�������-������ �����������
�-������ �������
����
�����������
������� �-�����
��
�→� �γ
���
����
����
� ���
���-�
����
�
�-������ ���������
��
����������� �
������ �-�������
Figure 18: Constraints from K − K¯ mixing arising from radiatively-induced off-diagonal
Yukawa couplings, alongside other flavor bounds in the κd vs. mH plane, assuming ξ = 0.1
(left), and ξ = 1.0 (right).
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Figure 19: As in Fig. 18, but in the κs vs. mH plane.
C Comparison to other models
In this appendix we compare the SFV 2HDM with other types of two doublet theories
available in the literature. The different types of 2HDM and a summary of their Yukawa
structure are given in table 6.
• Minimal Flavor Violating Theories [1]: the MFV Ansatz requires that the only spurions
breaking the SM flavor group are the SM Yukawa matrices. This implies that, at
leading order in an expansion in the SM Yukawa matrices, the couplings of the second
doublet to quarks are given by the SM Yukawas up to proportionality factors. As
a consequence, the second doublet couplings to all quarks maintain the SM Yukawa
hierarchies. In MFV theories the only CP-violating phase at the perturbative level is
the CKM phase. The SFV 2HDM trivially reduces to an MFV 2HDM truncated to
the lowest order in the Yukawa expansion (at some boundary energy scale) when the
matrices Ku,d in Eq. (10) and Eq. (11) are proportional to the SM Yukawa coupling
matrices Y u,d.
• Aligned 2HDM [3, 4]: an extension of the MFV hypothesis in the 2HDM is the so-called
Aligned 2HDM, not to be confused with the more general idea of flavor alignment.
In this model, the Yukawa matrices for the second Higgs doublet are required to be
proportional to the SM mass matrices at some boundary energy scale, but with the
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up-type down-type
MFV polynomial of SM Yukawas polynomial of SM Yukawas
gFC non-universally flavor aligned non-universally flavor aligned
NFC (types I-IV) real proportional real proportional
Aligned 2HDM complex proportional complex proportional
up-type SFV real proportional non-universally flavor aligned
down-type SFV non-universally flavor aligned real proportional
Table 6: Summary of the second doublet Yukawa structure for different 2HDMs. In each
column we indicate the relation between the up- and down-type quark Yukawas for the sec-
ond Higgs doublet and the SM Yukawa matrices. Non-universally flavor aligned stands for
Yukawas that are flavor-aligned with the SM Yukawas, as in Eq. (7), without sharing the
SM Yukawa hierarchies. Real (complex) proportional stands for proportionality to the cor-
responding up or down SM Yukawa matrix, with one up- and one down-type real (complex)
proportionality coefficient.
proportionality factor allowed to be arbitrary and complex. This type of 2HDM is
a particular case of general MFV [5] and allows for new CP violating phases, but
otherwise retains the overall features of MFV.
• Types I-IV 2HDMs [31]: also referred to as “Natural Flavor Conserving” (NFC)
2HDMs, or 2HDMs with Glashow-Weinberg conditions. These theories are obtained by
imposing discrete symmetries on the two-Higgs doublets, which enforce proportionality
of the second-doublet Yukawas with the Standard Model Yukawas. As a consequence,
the second-doublet couplings to up- and down-type quarks maintain the same hierar-
chies as in the SM, and the phenomenology is similar to the one of MFV models, with
some important differences in flavor observables pointed out in [135].
• General Flavor Conserving (gFC) 2HDMs [12, 13]: gFC is synonymous with flavor
alignment in a 2HDM. SFV is a subset of flavor aligned theories, and differs from
flavor alignment in its most general form in three respects. First, new generation
specific couplings only to either up- or down-type quarks are allowed in SFV, while in
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generic flavor aligned theories it is possible to have generation specific specific couplings
to both types of quarks simultaneously. Second, while in flavor aligned 2HDMs new CP
violating phases are allowed, in SFV the only CP violating phase at the perturbative
level is the CKM phase. Finally, while in SFV flavor alignment arises from a technically
natural UV mechanism (see Section A), there is no know mechanism to impose flavor
alignment in its most general form, so these theories are usually strongly tuned.
2HDMs with flavor alignment are a particular example of Aligned Flavor Violation
(AFV), which corresponds to a systematic spurion definition of flavor alignment for
generic BSM theories [2].
• Flavorful 2HDMs [136–142]: there are also models in the literature where the SM-like
Higgs is responsible only for the masses of third-generation quarks, while the second
doublet couples primarily to the first- and second-generation fermions. These models
are known as “Flavorful 2HDMs”. Differently from the rest of the models in this list,
such models are only free from tree-level FCNCs in the first and second generations.
Of all the above 2HDMs, the SFV 2HDM stands out as the only type of 2HDM which
allows both for novel hierarchies in the couplings of the second doublet to the different SM
quark generations and is motivated by an UV completion.
D Physical fermion couplings to the Higgs bosons
In this appendix we summarize the couplings of the Higgs bosons to the SM fermions. In
Table 7 we present the couplings in the up-type SFV 2HDM, while in Table 8 we present
the couplings in the down-type SFV 2HDM.
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λhuiu¯j δijY
u
i [sin(β − α) + ξ cos(β − α)] λHuiu¯j δijY ui [− cos(β − α) + ξ sin(β − α)] ,
λhdid¯j δij
[
Y di sin(β − α) +Kdi cos(β − α)
]
λHdid¯j δij
[−Y di cos(β − α) +Kdi sin(β − α)]
λh`i ¯`j δijY
`
i
[
sin(β − α) + ξ` cos(β − α)] λH`i ¯`j δijY `i [− cos(β − α) + ξ` sin(β − α)]
λAuiu¯j iξδijY
u
i λH+diu¯j −
[
ξ V T Y u
]
ij
λAdid¯j −iδijKdi λH−uid¯j
[
V ∗Kd
]
ij
λA`i ¯`j −iξ`δijY `i λH−`i ¯`j
[
ξ`Y `
]
ij
Table 7: Couplings of the physical Higgs bosons to the left-chiral fermion mass eigenstates
in the up-type SFV 2HDM. Couplings are defined with a negative sign in the Lagrangian,
e.g., L ⊃ −λhff¯hf¯f . The couplings to the fermions with right-handed chirality are trivially
obtained by hermitian conjugation. Y u,d,` are the SM Yukawa couplings Eq. (5), V is the
CKM matrix Eq. (6), while Kd = diag(κd, κs, κb) are three new real Yukawas coupling the
Higgs bosons to the SM quarks with arbitrary hierarchies across generations, Eq. (10). ξ and
ξ` are free real proportionality constants, and cos(β − α) is the Higgs alignment parameter
Eq. (18). Note that neutral Higgs bosons do not have flavor off-diagonal terms so there are
no tree-level FCNCs, as expected from the discussion in Section 2.2. Note also that the only
source of CP-violation in the Higgs couplings is due to the CKM-mediated interactions of
the charged Higgs.
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λhuiu¯j δij [Y
u
i sin(β − α) +Kui cos(β − α)] λHuiu¯j δij [−Y ui cos(β − α) +Kui sin(β − α)]
λhdid¯j δijY
d
i [sin(β − α) + ξ cos(β − α)] λHdid¯j δijY di
[− cos(β − α) + ξ sin(β − α)]
λh`i ¯`j δijY
`
i
[
sin(β − α) + ξ` cos(β − α)] λH`i ¯`j δijY `i [− cos(β − α) + ξ` sin(β − α)]
λAuiu¯j iδijK
u
i λH+diu¯j −
[
V T Ku
]
ij
λAdid¯j −iξδijY di λH−uid¯j
[
ξV ∗Y d
]
ij
λA`i ¯`j −iξ`δijY `i λH−`i ¯`j
[
ξ`Y `
]
ij
Table 8: Couplings of the physical Higgs bosons to the left-chiral fermion mass eigenstates
in the down-type SFV 2HDM. Couplings are defined with a negative sign in the Lagrangian,
e.g., L ⊃ −λhff¯hf¯f . The couplings to the fermions with right-handed chirality are trivially
obtained by hermitian conjugation. Y u,d,` are the SM Yukawa couplings Eq. (5), V is the
CKM matrix Eq. (6), while Ku = diag(κu κc, κt) are three new real Yukawas coupling the
Higgs bosons to the SM up quarks with arbitrary hierarchies across generations, Eq. (11). ξ
and ξ` are free real proportionality constants. cos(β − α) is the Higgs alignment parameter
Eq. (18). Note that the leptonic couplings in the down-type SFV 2HDM in this table are
the same than for the up-type SFV 2HDM in Table 7: both types of 2HDMs only differ by
their quark Yukawas. See also the notes on FCNCs and CP violation in Table 7.
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E Loop functions
Here we define the Loop functions used in our computations of B → Xs,d γ transitions and
neutral meson mixing constraints. The functions appearing in Eq. (24) are:
C07,XY (x) =
x
12
[−5x2 + 8x− 3 + (6x− 4) log x
(x− 1)3
]
,
C08,XY (x) =
x
4
[−x2 + 4x− 3− 2 log x
(x− 1)3
]
,
C07,Y Y (x) =
x
72
[−8x3 + 3x2 + 12x− 7 + (18x2 − 12x) log x
(x− 1)4
]
,
C08,Y Y (x) =
x
24
[−x3 + 6x2 − 3x− 2− 6x log x
(x− 1)4
]
,
(60)
while the box functions appearing in Eq. (27) and Eq. (28) are given by
D0(m
2
1,m
2
2,m
2
3,m
2
4) =
m21 logm
2
1
(m24 −m21)(m23 −m21)(m22 −m21)
+ (1↔ 2) + (1↔ 3) + (1↔ 4),
D2(m
2
1,m
2
2,m
2
3,m
2
4) =
m41 logm
2
1
(m24 −m21)(m23 −m21)(m22 −m21)
+ (1↔ 2) + (1↔ 3) + (1↔ 4).
(61)
Note that our definition of D2 is the same as in ref. [33], but differs from that in ref. [47] by
a factor of 4.
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